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Abstract 
The genesis of banded-iron-formation (BIF) hosted massive hematite ore deposits has been 
debated extensively in the literature.  Recent advances in exploration and analytical techniques 
have led to a better understanding of the tectonic setting and characteristic hydrothermal fluids 
responsible for the metasomatic upgrading of BIF to hematite ore and associated wall rock 
alteration.  As late as the 1990’s the general consensus was that the massive ore-bodies observed 
in the Carajas District, Brazil, and the Hammersley Province of Western Australia, among others, 
formed predominantly through supergene processes responsible for silica leaching and magnetite 
oxidation to hematite within BIF during the Mesozoic (Hagemann et al., 2007).  The relatively 
young age for the genesis of massive hematite ore was brought into question by Martin et al. 
(1998) through SHRIMP U-Pb age dating of zircons from volcaniclastic breccias of the Wyloo 
Group, which provided an age of 2209 +/- 15 Ma for hematite detritus of the Hammersley 
province.  Ohmoto (2003) provided an alternative mechanism for oxidation by the reaction: 
Fe3O4(mt) + 2H+ ↔ FeO(hm) + Fe2+ + H2O 
the leaching of Fe2+ from magnetite by an acidic hydrothermal fluid.  The enrichment and 
conversion of magnetite-dominant BIF to massive hematite through an acid-base reaction is of 
particular significance for Algoma-type BIF-hosted massive hematite deposits such as that at the 
Soudan Mine in northeastern Minnesota.  It has been generally accepted that the hematite ore at 
Soudan is a product of D2-shearing and subsequent hydrothermal activity active within the Mine 
Trend Shear Zone formed during the accretion of the Wawa-Abitibi terrain to the Superior Craton 
at ~2685-2690 Ma. The lack of a weathering profile (evidenced by supergene goethite) and the 
relatively low permeability and high specific gravity of Soudan ore relative to supergene ores 
precludes descending, oxygenated meteoric fluids driving alteration and mineralization of the 
massive hematite ores. Rather, a model of early calcic-sodic alteration during mature-arc rifting 
with progressive burial during subduction of the Wawa-Abitibi Terrane leading to potassic and 
Fe/Mg metasomatism is proposed here.  Wall rock alteration assemblages, associated with the 
upgrading of magnetite-chert BIF through magnetite-siderite and hematite-ankerite precursor to 
massive hematite ore, is associated with early sericite (± paragonite), silica, and Mg-rich chlorite, 
with local secondary sericite, hematite, and Fe-enriched chlorite.  Isocon analysis indicates a 
volume loss of 39% due to the leaching of silicate minerals from BIF, consistent with Fe-
enrichment by silica subtraction, and breccia textures observed in massive hematite ore. LREE-
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enrichment of wall rock adjacent to ore is observed, perhaps resulting from monazite precipitation 
of elements released due to the breakdown of apatite within the BIF.  Late stage alteration 
appears to be post-D2 and is associated with precipitation of microplaty hematite as breccia 
cement, as well as secondary Fe-enriched chlorite replacing earlier potassic alteration.  This late 
alteration stage shows HREE-enrichment with a strong positive Eu anomaly for both the chlorite 
schists wall rock enveloping hematite ore, and the massive hematite ore. 
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Introduction 
The Soudan Member of the Ely Greenstone Formation is largely composed of Neoarchean age, 
Algoma-type iron formation that extends from east of Ely, Minnesota westward to Tower, 
Minnesota.  While primarily being composed of laminated to medium-bedded magnetite-
hematite-jasper-chert deposits, locally, in proximity to east-west trending, steeply dipping faults, 
the iron formation has been modified to semi-massive to massive hematite lenticular bodies.  
These hematite-bearing bodies were the first iron-ore mined in Minnesota at the Soudan Mine, 
which operated from 1882-1962.  Mining operations began with surface open-pit mining, while 
transitioning to an underground operation down to a depth of ~ ½ mile.  Similar hematite bodies 
were exploited in northeastern Minnesota until the late 1960s at other mines (e.g. Pioneer, Sibley, 
and Chandler in Ely).  Although reserves at the Soudan Mine extend down to greater depths than 
the most recently developed and mined 2700 Level, advances in steel refining processes led to 
development of open pit taconite mining operations utilizing large, low grade, Middle Proterozoic 
age taconite bodies on the Mesabi Range.  Such large scale open pit mining operations made 
underground mining of the Neoarchean massive hematite orebodies at Soudan and other 
northeastern Minnesota locations uneconomical.  This led to closure of all Algoma-type mining 
operations in northeastern Minnesota by the late 1960s.  
The Vermilion District massive hematite ore occurrences represent an anomalous group of ore 
deposits within the Canadian Shield.  Since the exploitation of these ore bodies drew to a close in 
the 1960s, geological research attempting to explain the orogenic processes and associated 
hydrothermal fluids responsible for hematite ore genesis within the Vermilion District also came 
to an abrupt end. As a result, the genesis of the Neoarchean age massive hematite bodies in 
northeastern Minnesota continues to remain poorly understood.  This thesis, which comprises 
field mapping along with petrographic and geochemical studies, has been designed and 
performed to better constrain the genesis of the massive hematite bodies at the Soudan Mine.   
  
2 
Previous studies at Soudan 
Schwartz and Reid (1954) analyzed multiple sections of drill core deemed to represent the least 
altered greenstone within the Soudan Mine.  They compared the geochemistry of these ‘least 
altered greenstones’ to that of unaltered Ely Greenstone in the area as well as with samples 
consisting of both sericite ‘soap rock alteration’ and hematite ‘paint rock alteration’.  They found 
that, relative to the unaltered Ely Greenstone within the Vermilion District, the least altered 
basalts of the Mine Trend Shear Zone show an increase in ferrous iron content by two to three 
times in terms of weight percent.  Silica is also depleted relative to unaltered Ely Greenstone, and 
water content is doubled.  A comparison of the least altered basalt to a sample altered to hematite 
‘paint rock’ shows a further increase in iron content, but consisting predominantly of ferric iron 
(Schwartz and Reid 1954).  They suggest this is due to Fe-rich chlorite being oxidized to 
hematite. Schwartz and Reid (1954) state that the sericite alteration poses a problem in that its 
close association to the Soudan Mine area indicates that sericite is a product of altered greenstone, 
but the geochemistry (low Fe and Mg) suggest a rhyolitic source rock. 
Klinger (1960) observed three primary types of chlorite at the Soudan Mine. Magnesium rich 
clinochlore and penninite are the dominant type with lesser amounts of Fe-chlorite he deemed 
thuringite based on Hey’s (1954) classification scheme (Figure 1).  Klinger notes the striking 
contrast between the greenstone at Soudan and the unaltered Ely Greenstone; most notably, he 
notes the high amount of sericite and quartz and lack of calcic minerals within altered rocks 
associated with the Soudan Mine versus the relatively unaltered Ely Greenstone.  Klinger also 
observed secondary chlorite replacing sericite and chlorite in the vicinity of ore, which he 
suggested may have been a product of iron mobility associated with ore formation. 
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the metavolcanics, oxide-bearing ore rocks, and oxide-bearing non-ore banded iron formations to 
define a paragenetic sequence for the formation of massive hematite ore at Soudan.  Whole rock 
major and trace element lithogeochemical analyses of selected samples have been utilized to 
understand the chemical and volumetric aspects of hydrothermal alteration associated with the 
massive hematite bodies in an effort to better constrain the geochemical processes related to 
hydrothermal metasomatism associated with the genesis of the hematite ores.  Algoma-type BIF-
hosted hematite ore occurrences have been characterized at the Carajas District in Brazil and the 
Koolyanobbing Greenstone Belt in Western Australia through petrographic, geochemical, 
isotopic, and fluid inclusion analyses (Angerer et al., 2010; Figueiredo e Silva et al., 2013), 
however no single model can be used to accurately characterize hematite-ore occurrences 
worldwide. 
Regional Geology 
The Vermilion Greenstone Belt (VGB) occurs at the western end of the Wawa-Abitibi suprovince 
(Stott and Mueller, 2009) in northeastern Minnesota.  It is divided on the basis of stratigraphic 
and structural setting into the Soudan Belt to the south, and the Newton Belt to the north 
(Peterson et al., 2001).  The boundary between the two belts is marked by the Mud Creek shear 
zone and the Knife Lake Group (Figure 2).  The Soudan Belt comprises the Ely Greenstone 
Formation, the Lake Vermilion Formation, and the Knife Lake Group.  The Ely Greenstone 
Formation has been subdivided into three separate units.  From stratigraphically oldest to 
youngest, these comprise:  1) the Lower Ely Member, which comprises the lower Fivemile Lake 
Sequence and upper Central Basalt sequences (Peterson and Patelke, 2003; Hudak et al., 2012), 
and is composed of calc-alkalic and tholeiitic pillowed to massive subaqueous basalt lava flows, 
massive, locally quartz +/- plagioclase-phyric-rhyolite lava flows, mafic to felsic tuffs and 
associated epiclastic rocks, and minor iron formations;  2) the Soudan Member, which is 
predominantly composed of laminated to medium-bedded Algoma-type magnetite-hematite-
jasper-chert banded iron formations and local interbedded mafic to felsic lava flows and 
volcaniclastic rocks; and 3) the Upper Ely Member, composed of massive to pillowed tholeiitic 
basalt lava flows and minor intercalated Algoma-type iron formations (Peterson and Patelke, 
2003; Hudak et al., 2007; Hoffman, 2007).  
The Soudan Iron Formation is the predominant lithology within the Soudan Member of the Ely 
Greenstone Formation.  The lower contact of the Soudan Iron Formation contains interlayered 
basaltic lava flows representing a transition to a period of volcanic and tectonic quiescence during 
5 
the deposition of the Soudan BIF.  A gradational contact, occurring over several tens to a few 
hundreds of meters up, exists along the basal contact of the Soudan Member BIF and Lower Ely 
basalts (Hudak et al., 2007, 2012).  The transition is marked by a decrease in the abundance of 
basalt lava flows and associated volcaniclastic rock, and an increase in the abundance and 
thickness of oxide-facies iron-formation horizons, moving towards the basal contact of the 
Soudan Member (Hudak et al., 2002b; Peterson and Patelke, 2003; Hudak et al., 2007; Hoffman, 
2007; Hudak et al., 2012).  Hudak and Peterson (2014) provide evidence for the deposition of the 
Soudan Member in a relatively quiet, deep subaqueous environment (>200 m and probably 
greater than 1400 m).  This evidence includes:   
1) the absence of primary mafic and felsic pyroclastic deposits within the stratigraphic sequence  
2) a lack of multiple-selvage pillow lavas in the stratigraphic sequence  
3) BIF stratigraphy dominated by planar laminations and bedding and lacking any wave-associated 
sedimentary bedforms  
4) lithological and geochemical evidence for the development of an extensional tectonic 
environment, resulting in the deepening of the depositional environment for the uppermost 
sections of the Lower Ely basalts (Hudak and Peterson, 2014).   
Stratigraphically overlying the Soudan Member BIF is the Upper Ely Member, which is 
composed of MORB-like basalts that consist of poorly vesicular to massive basalt pillows and 
sheet flows and associated mafic/felsic volcaniclastic rocks (Hudak and Peterson, 2014).  Some 
mafic intrusives that occur within the Soudan Member have been interpreted as feeder dikes and 
synvolcanic sills associated with the genesis of the Upper Ely lava flows.   
The nature of the geological contact between the Soudan Member and overlying Gafvert Lake 
Sequence felsic volcanic and volcaniclastice rocks, as well as the Upper Ely Member mafic 
volcanic and volcaniclastic rocks, remains in many places poorly constrained.  Within Lake 
Vermilion State Park, approximately three kilometers northeast of the Soudan Mine headframe, 
detailed geologic mapping combined with geochronological studies now clearly show that the 
upper contact of the Soudan Member and overlying Gafvert Lake Sequence is an unconformity 
(disconformity).  Lodge (2013) has analyzed the dacitic tuff breccia deposits which occur 
immediately north of the Soudan Member, and has obtained a U-Pb age of approximately 2690 
Ma for these felsic volcaniclastic rocks.   
The Soudan Mine area is characterized by two regional structural features: (1) the steeply west-
plunging, overturned Tower-Soudan anticline, which has been interpreted to have formed during 
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D1 compression; and (2) steep shear fabrics associated with the Murray and Mine Trend Shear 
Zones interpreted to have formed from D2 transpressional shearing during accretion of the Wawa 
subprovince onto the Superior Craton (Peterson, 2001). There is also a third deformation event 
responsible for significant NE- and NW-trending faults that dissect the stratigraphic assemblages 
(Hudak et al, 2007).  D2 deformation is dated at 2674-2685 Ma based on regional penetrative 
metamorphic fabric (Boerboom and Zartman, 1993; Lodge et al., 2013). 
Prior to D1 compressional and D2 transpressional deformation, synvolcanic hydrothermal 
alteration of the Lower Ely and Soudan Member took place.  Subseafloor hydrothermal 
convections resulted in regional semiconformable alteration zones within the Lower Ely Member 
that are composed of quartz, epidote, zoisite/clinozoisite, Fe-chlorite, Mg-chlorite, actinolite, 
ferroactinolite, sericite/pyrophyllite, and albite (Hudak and Morton 1999; Odette et al. 2001; 
Peterson 2001; Hudak et al. 2002a).  Pipe-like, northeast trending, disconformable alteration 
zones associated with VMS prospects have also been mapped in the area and consist of Fe-rich 
chlorite, sericite/pyrophyllite, actinolite and/or ferroactinolite (Peterson, 2001; Hudak et al., 
2002a; Hocker et al., 2003).  
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Figure 2.  Regional geologic map of the western Vermilion Greenstone Belt (VGB).  Modified from 
Peterson and Patelke (2003) and Hudak and Peterson (2014).  Inset shows Soudan Underground State 
Park area mapped by Peterson, Patelke, and PRC students in 2010 shown in Figure 3. 
 
Geology and Alteration at the Soudan Mine 
The massive hematite ore of the Soudan Mine comprises a series of sub-vertical, elongated 
pockets of ore within the host Soudan Member banded iron formation protore.  The hematite ore 
at Soudan lies along the north limb of the overturned, east-west trending Tower-Soudan anticline 
within the Mine Trend Shear Zone. 
Rock units within the Soudan Mine predominantly consist of sericite- and chlorite-altered basaltic 
flows, hematite/jasper banded iron formation, and a heterolithic series of intercalated schistose 
rocks composed of chlorite schist, sericite schist, and jasper iron formation colloquially known as 
Schist ‘n’ BIF.  Late intrusive rocks include a greyish-green to black, medium-grained, massive 
gabbro that exhibits a weak east-west fabric, and black to dark green, fine-grained diabase, both 
of which have been interpreted as feeder dikes to overlying volcanic strata (Peterson and Patelke, 
2003).  These intrusives commonly occur proximal to hematite ore (Klinger, 1961). Alteration 
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within the Soudan Mine is dominated by chlorite and sericite (Figures 3 and 4), with later 
hematite overprinting these locally near hematite ore. 
Based on geologic mapping and samples collected for this project and historical geochemistry 
data from the Minnesota Department of Natural Resources (Dahlberg et al., 1989), there appears 
to be a transition within the banded iron formation from hematite/martite jasper BIF at depth to 
magnetite/siderite/chert BIF near the surface.  Concurrent wall rock alteration transitions from a 
complete lack of calcium at depth (22-, 23-, and 27-levels) with increasing carbonate content and 
significant calcite stringers proximal to banded iron formation near the current surface.  A silica-
rich zone (70-80 wt%) is associated with mylonitic sericite/silica schists occurring along the 
margins of ore breccia zones.  These zones of high deformation also show levels of sodic 
alteration (paragonite?) with Na2O concentrations ranging from~ 1-4 wt%. 
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Figure 3.  Surface geology map of the Soudan Underground Mine State Park (Modified from Vallowe et 
al., 2010).  Inset shows mapping of the western 27th level shown in Figure 4. 
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Figure 4.  Geologic map of 27th level west end (after Peterson, Patelke, and PRC students, 2010).  Map 
units correlate to units on surface map. Inset outlines Montana Ore Zone mapped for this project.  Inset 
shows mapping area for this project. 
Methods 
Mapping 
Mapping for this project was focused on the 2700 level of the Soudan Mine.  Drift mapping 
consisted of laying out 50 foot (15.24 meter) sections with a tape measure in order to accurately 
define alteration zones of the meta-volcanics associated with the ore breccia zones.  Major 
structures were mapped along with gradational changes within the oxide facies BIF.  The drift 
was mapped starting at the eastern extent of the Montana Ore Zone down to the western stope 
area (Figure 5).  Textural changes along major shear zones were also mapped to aid in 
formulating a sequence of wall rock alteration associated with the upgrading of jasper/hematite 
BIF to ore breccia.   
Sampling  
Results of mapping were used to target areas of less-altered rocks outside the breccia zones and 
altered rocks associated with the hematite ore zones.  Transitions zones, shear zones, and oxide 
facies rocks were also sampled in an attempt to obtain a representative suite of rocks for both wall 
rock alteration and associated changes to the BIF and ore.  A total of 60 hand samples were 
collected. 
Analyses  
Petrographic thin sections were prepared from selected hand samples by San Diego Petrographics 
(Emmett, Idaho).  Petrographic analysis was performed to characterize the various lithologies 
11 
present in terms of mineralogy and textures.  This included describing textural changes from the 
protore BIF to the micro-banded martite and microplaty hematite ores, as well identifying the 
alteration phases within the narrow shear zones in and around the massive ore lenses.   
Based on the petrographic analyses, 44 samples were selected for geochemical analysis.  Major 
element geochemistry for selected crushed hand samples was obtained by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) and trace element geochemistry, base metals, 
and REE through inductively coupled plasma mass spectrometry (ICP-MS).  All samples were 
digested in 1:1:1 aqua regia prior to ICP-MS analysis, with sample sizes ranging 10-490 g.  
Analyses were performed by AcmeLabs of Vancouver, BC.  The results of these analyses are 
given in Appendix B. 
Based on mapping, petrographic, and geochemical data, a paragenetic sequence was developed to 
represent wall rock alteration associated with each oxide facies, from less-altered BIF through 
massive hematite ore.  These stages of alteration were then used to select the samples used for the 
isocon analysis. 
Grant’s (1986) isocon method was used to define metasomatic changes associated with various 
alteration mineral assemblages in the wall rocks, BIF, and hematite ore.  The results of these 
analyses are shown in Appendix C. 
Selected samples were analyzed to determine chlorite compositions using scanning electron 
microscopy (SEM) at the University of Minnesota Duluth.  Chlorite compositions of schists both 
proximal and intermediate to the hematite ore breccia zones were determined. 
Results 
Mapping and petrographic analysis in the Montana Ore Breccia Zones 
Mapping for this study was focused around two ore breccia zones along the 27th level of the 
Soudan Mine; at (1) the Eastern Montana Cutback and (2) the stope area at the western extent of 
the Montana Ore Zone (Figure 5).  Rock units outside the ore breccia zones consist 
predominantly of moderately foliated Schist n’ BIF and fragmental schist (Gafvert Lake sequence 
protoliths), with sulfide stringers and disseminated sulfides occurring intermediate to ore zones 
along major shear contacts.  Schist n’ BIF consists of a complex series of foliated rocks 
composed of interlayered chlorite schist, sericite schist, and oxide facies iron formation, while the 
fragmental schist consists of foliated chlorite-sericite schist with distinctive 1-10 cm stretched 
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fragments of dacitic volcanic rocks (Peterson and Patelke, 2003).  Alteration and deformation 
within these rock units has led to the development of chlorite- and sericite-schists.  Along the 
margins of the sericite schists, remnant primary sericite/paragonite/silica alteration may be 
present.  Adjacent to ore breccia, the sericite schists have been silicified as evidenced by their 
blocky/fractured texture, while within the ore breccia zones, BIF becomes increasingly hematized 
closer to the ore.  Less altered BIF adjacent to silicified sericite schists contains significant en 
echelon quartz veining and smoky ‘bull quartz’ occurs in the brecciated BIF and ore as both veins 
and clasts.  The BIF and ore breccia zones also contain significant amounts of micaceous chlorite 
and sulfides such as pyrite, pyrrohtite, and chalcopyrite.   Chlorite lines vug walls containing 
quartz (Klinger, 1960) and occurs as veins in the ore, particularly near contacts with chlorite 
schist and hematite breccia zones. 
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Figure 7.  General cross-section through the eastern Montana cutback.  East of the ore breccia zone along 
the main drift. 
Eastern Montana Cutback 
At the eastern Montana Cutback (Figure 6), relatively unaltered Soudan Member BIF trending 
east-west consists of mesobands (1-4 cm width) of oxidized jasper chert, less-altered chert, and 
hematite, and is bounded by narrow chlorite/sericite schists up to 10 ft (3.04 meters) in width 
(Figure 7).  The shear zone to the south of the BIF outcrop is dominated by sericite alteration with 
maximum deformation occurring within 6-12 inches of the contact to BIF.  From petrographic 
analysis, the narrow highly deformed sericitic schist in contact with hematite ore shows 
substantial primary chlorite occurring as disseminated flakes with strong dark brown/green 
birefringence colors (~50%) grading into dominantly sericite alteration (~60-70%) and less 
chlorite (<20%) away from this contact. Late veins of secondary chlorite cut foliation where in 
contact with the ore. Petrographic studies indicate that his chlorite is fine-grained, with weak 
pleochroism from light yellow to green and weak blue birefringence (Figure 8).  The schist to the 
north of the BIF outcrop is dominated by chlorite that occurs as fine-grained aggregates replacing 
sericite.  It is weakly foliated relative to the moderate to strongly foliated sericite-dominant schist 
to the south.  Deformation of the Jasper-BIF is constrained to the nearest 6-12 inches in contact 
with shear zones.  The BIF in these highly deformed zones consist of microbands depleted in 
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iron.  At the western extent of the eastern Montana cutback there is a disconformity indicated by a 
transition from unaltered BIF to microbanded massive hematite ore offset by a narrow 
chlorite/sericite shear zone (Figure 6). 
 
Figure 8.  Sample MT-3003. Crossed-polar, transmitted light photomicrograph of chlorite/sericite schist in 
Montana Cutback at the eastern extent of the Montana Ore Zone showing primary Mg-rich chlorite, 
and secondary sericite and Fe-rich chlorite. 
Western Stope Area 
The stope area at the western extent of the Montana ore zone consists of massive specular 
hematite ore cut by secondary chlorite dominated schists (Figure 9).  The chlorite shear zones 
appear to pinch out at the western extent of the ore body, while opening up to the east where they 
are separated by a large breccia zone.  Locally, minor chlorite shears, up to 2 inches width, occur 
along bedding of the banded iron formation in contact with the ore body (Figure 9).  Some 
chlorite schist in contact with hematite ore contains disseminated martite grains up to 0.1 mm.  
The breccia zone along the eastern extent of the stope area contains significant sulfides and 
micaceous chlorite.  Additionally, a fine, crystalline, black to brownish black mineral, which may 
be a manganese oxide, can be observed lining vug walls within hematite ore.
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Figure 10.  Generalized cross-section of drifts below ore occurrences at the eastern and western extents of 
the Montana Ore Zone. 
Hematite “paint rock” alteration occurs at the breccia zone boundaries, along fractures within the 
silicified schist, and along shears in the Mg-chlorite/sericite schists intermediate to the ore (Figure 
10).  Hematite alteration appears to replace primary chlorite and sericite schists, as well as 
secondary sericite alteration. This microcrystalline hematite alteration is concentrated locally 
along ore breccia margins and dissipates rather abruptly moving laterally away from the massive 
hematite (Figure 10). 
Separating the siliceous zone from the massive hematite is a narrow zone of alteration consisting 
of secondary chlorite schist replacing secondary sericite schist (Figure 11).  These dark-green Fe-
enriched schists both envelop and occur as xenoliths(?) internal to the massive hematite ore 
bodies.   
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Figure 11.  Cross-polar photomicrograph of sample S3010-2, chlorite replacing sericite with late cross-
cutting chlorite-filled fracture cutting foliation. 
Structure 
Moderately foliated, chlorite- and sericite-dominated schists trend east to west and are truncated 
by ore breccia zones exhibiting brittle deformation.  Altered meta-volcanics present at the 
margins of the breccia zones are composed of a pink colored, moderately foliated sericite with 
local silicification (blocky and fractured texture) occurring directly adjacent to laminated ore.  
Well-developed foliation occurs within these schists near the contact to oxide facies BIF.  En 
echelon fractures with quartz infilling also occur within BIF in contact with these sericite altered 
schists.   Creamy yellow, highly sheared sericite/paragonite/silica schists are present along the 
margins of the pink sericitic schists.  These sericite/paragonite/silica schists exhibit sub-mylonitic 
textures (Figure 12) and appear to be a product of sericite replacing paragonite, with relatively 
equal parts Na and K.     
No major structural contacts were observed between Fe-chlorite schists and hematite ore.  The 
Fe-chlorite schists occur as inclusions within, and envelope, the hematite ore, and are locally 
interdigitated with the ore.  Fe-chlorite also occurs as minor shears (< 2 inches (0.05 meters) 
width) along BIF bedding, at the margins of ore lenses. 
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Figure 12.  Cross-polar photomicrograph image of sample D003 (sericite/paragonite/silica schist) showing 
spaced cleavage domains (30-40 vol%). 
Ore Textures 
Klinger (1960) described two types of banding within the microbanded hematite ore: 1) pseudo 
morph bands with martite occurring after magnetite; and 2) replacement bands in which silicates 
and carbonates within chert have been leached and, in the case of siderite, oxidized to form bands 
of microcrystalline and coarser irregular hematite. 
Ore breccia occurs as coarse irregular massive hematite within a fine-grained hematite matrix, 
with the hematite fragments ranging in size from < 1 mm to roughly 1 cm and consisting of 
porous, coarse platy hematite intergrown with subhedral martite (Figure 13A). Replacement 
bands may exhibit signs of compressive failure as bands pinching out between two pseudo morph 
bands (Figure 13B) or as slump structures (Figure 13C).  Microbanded BIF occurs locally along 
ore margins and may contain microfractures with microplaty hematite (MpHem) lining fracture 
walls (Figure 13D).  Along the ore margins, hematization of chert banding occurs, with hematite 
replacing silicate minerals within cherty bands (13E). 
1 mm 
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Figure 13.  Photomicrograph reflected light images showing ore textures.  A) Sample D2001, ore breccia 
with irregular hematite in fine-grained hematite matrix.  B) Sample D2014, microbanded ore with 
replacement bands of fine-grained irregular hematite showing evidence of shearing along banding, 
with thinning occurring along pseudomorph band boundary.  C) Sample D2009 showing slump 
structure of hematite within microbands.  D) Sample D2016, ore breccia with microbanded hematite 
ore cut by fracture lined with Microplaty Hematite (MpHem).  E) Sample MT-LBIF8, microbanded 
BIF showing hemitization of chert banding.  F) Sample D2016, ore breccia with pseudomorph martite 
(Mt) and replacement hematite as finer, irregular grains with later MpHem lining vug walls within 
fine-grained hematite. 
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Chlorite Composition by Scanning Electron Microscopy (SEM) 
The scanning electron microscope (SEM) at the University of Minnesota Duluth Research 
Instrumentation Lab was utilized in order to differentiate the compositions of the primary and 
secondary chlorites.  Preparation included carbon coating (15 nm) polished thin sections.  The 
system consisted of a JEOL JSM-6590LV SEM, combined with an INCA X-ACT energy 
dispersive spectroscopy system (EDS) and complimentary software.  Operating conditions were 
optimized independently for imaging in backscattered and EDS mode, with an accelerating 
voltage of 15 keV producing optimal results.  EDS calibration was performed on metallic Cu and 
is considered semi-quantitative.  Sample MT3003 taken from the eastern extent of the Montana 
cutback, was selected as it shows primary chlorite and secondary sericite with late micro-
fractures, cutting foliation, and filled by secondary chlorite.  Sample S102, taken from a schist in 
contact with hematite ore in the stope area, was selected to represent secondary chlorite replacing 
secondary sericite proximal to ore. 
The results of the analyses indicate primary chlorite alteration to be Mg-rich, with Fe-rich chlorite 
associated with late-stage alteration proximal to ore. The stoichiometric compositions for the 
chlorites were calculated based on 28 oxygens from Hey (1954) and are shown below (Figure 
14), along with the composition of a chorite taken from a vug in the hematite ore by Kingler 
(1960).  As indicated by the plot, Fe content of the chlorite schists appears to increase proximal to 
the massive hematite ore. 
The analysis of sample MT3003 indicates an elevated Fe content for the secondary chlorite vein 
cross-cutting primary Mg-rich chlorite and secondary sericite (Figure 15).  The sample S102 of 
Fe-chlorite schist in contact with hematite ore shows two ‘generations’ of iron mobility; coarse 
subhedral to euhedral martite and later MpHem.  This sample also shows monazite occurring with 
MpHem intruding the chlorite schist (Figure 16).   
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Figure 15.  SEM Image of sample MT-3003.  Spectrum 1:  sericite replacing Mg-rich chlorite (ripidolite).  
Spectrum 2:  Mg-rich chlorite (ripidolite).  Spectrum 3:  Fe-rich chlorite (ripidolite).  Results in weight 
percent. 
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Figure 16.  SEM Image of sample S102.  Spectrum 1 and 2:  Secondary Fe-rich chlorite (ripidolite) has 
completely replaced sericite. Spectrum 3:  Tabular subhedral microplaty hematitie (MpHem) occurring 
after coarser martite (Mt).  Results in wt percent.
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Isocon analysis 
Geologic mapping indicates that massive hematite ore is spacially associated with sericite- and 
chlorite schists. Based on this observation it is apparent that upgrading of BIF to hematite ore is 
associated with K, Fe, Mg, and Si metasomatism.  To evaluate chemical, mineralogical, and 
spatial trends, potassium ( as K2O) and magnesium (as MgO) were plotted versus iron (as Fe2O3) 
content normalized to silica on a log-log scale (Figure 18 and Figure 19).  This was done in order 
to determine patterns of the defined alteration assemblages associated with the Montana Ore 
Zone.  The plot of K2O/SiO2 versus Fe2O3/SiO2 shows distinct trends for both the iron-formation 
and meta-volcanic samples.  The plot of MgO/SiO2 versus Fe2O3/SiO2 shows two distinct trends 
within both the iron-formation and meta-volcanic samples. These trends represent:  1) the 
upgrading of jasper/hematite BIF to ore breccia associated with potassic alteration overprinting 
primary chlorite and sericite/paragonite alteration (IF1, V1SC and V1SS respectively); and 2) ore 
breccia with chlorite associated with secondary chlorite alteration overprinting secondary potassic 
alteration proximal to ore (IF2 and V2C).  
These trends were used to define the suite of samples best representing each stage of the 
paragenetic sequence associated with the upgrading of BIF to hematite ore.  Samples D001 and 
D003 define the trend (V1SS) for primary to secondary sericite alteration, while sample MT-CS1 
defines the trend for primary chlorite to secondary sericite alteration (V1SC).  Samples MT-2001, 
MT-3002, MT-3003, S-SCS3, MT-CSS5, and MT-CS2 were used to represent secondary sericite 
alteration for these two trends.  Secondary chlorite alteration overprinting secondary sericite 
alteration (V2C) is represented by samples S-CS9, D004-2, and S3010-2. 
The upgrading of jasper/hematite BIF to hematite ore, associated with potassic alteration (IF1) is 
represented by BIF samples S106 and D2019 altering to ore breccia samples D2001 and D2014 
(Figure 18 and Figure 19).  Ore breccia + secondary chlorite alteration is represented by the 
transition to samples D004, S3010, and S3014 (Figure 19).  
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Figure 18.  K/Si versus Fe/Si plot showing alteration trend of Iron-Formation (IF) and meta-volcanics 
during potassic alteration associated with upgrading of IF to Ore Breccia.  Secondary sericite 
overprinting primary chlorite (V1SC) and sericite/paragonite/silica schist (V1SS).  Jasper/Hematite 
BIF upgrading to Ore Breccia (IF1). Samples used for isocon analysis shown in red.  
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Figure 19.  Mg/Si versus Fe/Si plot showing alteration trends in the Montana Ore Zone.  Meta-volcanics 
consists of secondary Sericite overprinting primary Sericite/Paragonite/Silica Schist (V1SS), primary 
Chlorite Schist (V1SC) and secondary Chlorite overprinting secondary Sericite (V2C). Iron-formation 
consists of jasper/hematite BIF upgrading to Ore Breccia (IF1) and Ore Breccia altering to Ore + 
Secondary Chlorite (IF2).  Samples used for isocon analysis shown in red. 
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The isocon method (Grant, 1986) provides a way to quantitatively estimate elemental gains and 
losses associated with hydrothermal alteration.  From Grant (1986), the relation of compositional-
mass changes can be written as:   
CiA = MO/MA(CiO + ∆Ci) 
where Ci is the concentration of species ‘i’, while ‘O’ refers to the original rock and ‘A’ to the 
altered rock.  MO and MA are equivalent masses before and after alteration.  For each stage of 
alteration there exists immobile elements for which ∆Ci = 0, and thus CiA = (MO/MA)CiO defines 
the isocon through the origin.  MO/MA would then be the slope of the line and represents the 
overall mass loss or gain associated with the alteration of the original rock ‘O’ to the altered rock 
‘A’.  Once the isocon is defined, elemental gains and losses for each stage of alteration may be 
calculated as:   
∆Ci/ CiO = MA/ MO(CiA/ CiO) – 1 
where CiA/ CiO represents the slope of the line from the origin to data point ‘i’.  Graphically 
speaking, elements plotting above the isocon represent mass gains and those below the isocon 
mass losses. 
If the density of a representative sample for each alteration stage is known , then the volume loss 
or gain can be calculated as:   
VA/VO = MA/MO(ρo/ρA) 
where VO is the volume of the original rock before alteration and VA is the volume of the rock 
after alteration.   Original rock density is defined as ρo and altered rock density as ρA. 
Rock densities of meta-volcanics and oxide facies rocks were measured for each stage of 
alteration used to define the isocon analyses.  The results of which can be seen below in Table 1. 
Table 1.  Measured densities for altered basalts and oxide rocks (27th lvl of Soudan Mine). 
Primary 
Sericite 
Primary 
Chlorite 
Secondary 
Sericite 
Secondary 
Chlorite BIF 
Ore 
Breccia 
Ore Breccia 
+ Secondary 
Chlorite 
 
Hematite 
Schist 
2.5g/cm3 2.5g/cm3 2.6g/cm3 2.8g/cm3 3.1g/cm3 4.6g/cm3 4.4g/cm3 3.0g/cm3
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Potassic Alteration 
The isocons for potassic alteration of primary sericite/paragonite and chlorite are defined by 
immobile Al2O3, TiO2, Hf, and Zr (Figure 20 and Figure 21).  Al2O3 and TiO2 are generally 
thought to be immobile oxides in hydrothermal systems.   Hf and Zr are high field strength 
elements that are highly charged with a relatively small ionic radius, and are considered to be 
among the most immobile elements in aqueous solutions (Rollison, 1993).   
Both analyses for secondary sericite alteration overprinting primary chlorite and primary 
sericite/paragonite/silica schists give an overall mass loss of 8%.  The isocon for the replacement 
of chlorite by secondary sericite shows a minor gain in Si and significant gains in K2O, Ba, Rb, 
Sr, Cu, and the LREE.  Minor losses associated with the sericitization of chlorite schists include 
CaO, P2O5, and Ni, with significant losses in Fe2O3, Co, Zn, and MgO (Figure 20).      
The isocon for potassic alteration of sericite/paragonite/silica schists shows minor gains in the 
LREE and significant gains in Fe2O3, MgO, K2O, Rb, Ba, CaO, P2O5, Zn, and Ni.  The only 
significant losses associated with the potassic alteration of the sericite/paragonite/silica schist are 
in Na2O and Sr, with minor losses in SiO2 and Cu (Figure 21). 
Associated with potassic alteration, the increase of potassium could result from the reaction of a 
K-rich solution with alumino-silicate minerals such as pyrophyllite and the replacement of Na2O 
by K2O in paragonite.  The replacement of chlorite by sericite would also produce a gain in K2O 
and precipitous loss in Fe2O3 and MgO.  K2O, Ba, and Rb are all categorized as large-ion 
lithophile elements (LILE) and typically behave similarly in hydrothermal systems.  Gains in both 
Ba and Rb for the alteration of sericite/paragonite and chlorite to secondary sericite mirror the 
gain in K2O.  A gain in Fe2O3 for the potassic alteration of sericite/paragonite schists can be 
attributed to a higher chlorite content of secondary sericite schists.  Secondary Fe-rich chlorite 
was observed in thin-section, occurring in microfractures within secondary sericite schists (Figure 
8). 
The isocon analyses for secondary sericite replacing primary sericite/paragonite and chlorite also 
shows the HREE to be relatively immobile.  HREE, Y, and V were thus used to define the isocon 
for the upgrading of Jasper/Hematite BIF to ore breccia associated with potassic alteration of the 
meta-volcanic wall rocks (Figure 22).  The upgrading of BIF to hematite ore is associated with an 
overall mass loss of 9% with a gain in Fe2O3 and significant losses in SiO2, Al2O3, MgO, CaO , 
P2O5, and LREE.  
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An almost complete loss in silica content (98%) and associated removal of phyllosilicate 
minerals, such as chlorite, within chert results in a loss in MgO and Al2O3 as well.  Excluding 
Fe2O3, all major and trace elements show losses as they are dominant within siliceous chert 
bedding in BIF (Figure 22).  Similar losses in CaO, P2O5, and LREE suggest the LREE occur as 
monazite in apatite.  The gain in Fe2O3 content may be attributed to later hematite alteration 
observed cutting secondary sericite proximal to ore. 
 
Figure 20.  Isocon plot for sericite replacing  Mg-chlorite alteration proximal to hematite ore. 
The slope of the isocon for the upgrading of BIF to ore breccia (Figure 19) yields MO/MA = 1.1, 
which equates to a mass loss of 9%.  Thus the volume loss can be calculated using the change in 
density from BIF to ore shown in Table 1 as: VA/VO = 0.91(ρo/ρA) or 0.91*(3.08/4.62) = 0.61, 
equivalent to a volume loss of 39%.  
The results of the isocon analyses for the sericitization of earlier Mg-rich chlorite and sericite 
±paragonite +silica schists and associated upgrading of BIF to hematite ore can be seen below in 
tables 2 and 3, respectively. 
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Figure 21.  Isocon plot for sericite replacing primary sericite/paragonite/silica alteration intermediate to 
hematite ore. 
 
Figure 22.  Isocon plot for upgrading of hematite/jasper BIF to ore breccia related to sericite alteration. 
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Table 2.  Chemical changes associated with sericitization of earlier formed sericite/paragonite/silica (5s) 
and Mg-rich chlorite (5c) alteration based on constant Al2O3, Hf, and Zr.  
Component % Change 
5s 5c 
SiO2 -22.6 20.1 
Al2O3 1.4 4.59 
Fe2O3 27.5 -51.5 
MgO 298 -63.7 
CaO 46 -53.2 
Na2O -96 N/A 
K2O 112 8061 
TiO2 0.27 -34 
P2O5 176.6 -63.4 
MnO 33.3 -67.1 
Ba  206.8 2250 
Sr -82.4 201 
Rb 206.5 7648 
Hf 3.2 -0.62 
Zr -4.87 -3.97 
V 60.3 -28.6 
Y -5.8 11.65 
La 24.9 254 
Ce 16.3 193 
Pr 23.5 173 
Nd 22.3 147.6 
Sm 2.4 31.4 
Eu 27 68.8 
Gd 0.26 6.2 
Tb -1.3 4.6 
Dy -5.5 6.2 
Ho -7.8 11.6 
Er -11 11.3 
Tm -4 -5.4 
Yb -3.4 -0.64 
Lu -8.2 -13.8 
Cu -25.5 65.4 
Ni 50.7 -20.7 
Zn 70.8 -66.2 
Co 4.6 -55 
LOI 30.5 -43 
Mass -8 -8 
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Table 3.  Chemical changes associated with upgrading of jasper/hematite BIF to microbanded hematite ore 
based on constant V, Y, and HREE.  Components measuring at or near detection limits omitted. 
 
 
Component % Change 
BIF 
SiO2 -98.2 
Al2O3 -77 
Fe2O3 30 
MgO -96 
CaO -54 
Na2O N/A 
K2O N/A 
TiO2 N/A 
P2O5 -51 
MnO N/A 
Ba  -22 
Sr -72 
Rb -82 
Hf N/A 
Zr -21 
V -1.6 
Y -11.7 
La -56 
Ce -55 
Pr -43 
Nd -46 
Sm -39 
Eu -23 
Gd -33 
Tb -16 
Dy -4.5 
Ho -7.3 
Er 7 
Tm 21 
Yb 9.9 
Lu 3.7 
Cu -82.5 
Ni -71 
Zn -72 
Co -81 
LOI -51 
Mass 9 
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Hematite ‘Paint Rock’ Alteration 
The isocon representing hematite alteration replacing primary sericite is defined by constant 
Al2O3, TiO2, and Zr (Figure 23).  This isocon for hematite alteration gives an overall mass gain of 
33% for sericite altered to hematite.  Elemental mass gains include Fe2O3, MgO, V, Cu, Ni, Zn, 
LREE, and HREE.  Mass losses include SiO2 (11%), Na2O (83%), and K2O (21%). 
The slope of the isocon for sericite altered to hematite (Figure 23) yields MO/MA = 0.75, which 
equates to a mass gain of 33%.  Thus the change in volume can be calculated using the change in 
density from sericite to hematite altered schists shown in Table 1 as:  VA/VO = 1.33(ρo/ρA) or 
1.33*(2.5/3) = 1.1, equivalent to a gain in volume of 10%. 
 
 
Figure 23.  Isocon plot for hematite replacing sericite/paragonite/silica alteration. 
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With the removal of Na2O accounting for the only significant loss, the system continued to 
effectively remove previous sodic minerals during this stage of alteration.  A gain in MgO may 
represent the formation of chlorite associated with dissolved iron reacting with phyllosilicate 
minerals.  HREE and LREE are similarly enriched, with Eu showing relative enrichment versus 
the other REE.  Hematite appears to be replacing sericite and paragonite, reflected by similar 
losses in SiO2, K2O, and Na2O.  The gain in mass can be attributed to Fe2O3, with greater atomic 
mass, replacing silicate minerals.  The results of the isocon analysis for the hemitization of 
sericite schists can be seen below in table 4. 
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Table 4.  Chemical changes associated with hematite alteration based on constant aluminum, titanium, and 
zirconium.  Components measuring at or near detection limits omitted. 
Component % Change 
Hematite Schist 
SiO2 -10.7 
Al2O3 2.3 
Fe2O3 396 
MgO 65.7 
CaO N/A 
Na2O -82.7 
K2O -20.7 
TiO2 0.87 
P2O5 N/A 
MnO N/A 
Ba  18 
Sr 35.5 
Rb -9 
Hf -3.5 
Zr 0.39 
V 155 
Y 60 
La 66 
Ce 50 
Pr 56 
Nd 51 
Sm 45 
Eu 116 
Gd 51 
Tb 62 
Dy 45 
Ho 52 
Er 34 
Tm 22 
Yb 27 
Lu 17 
Cu 112 
Ni 38 
Zn 77 
Co 29 
LOI 55 
Mass 33 
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Fe-Chlorite Alteration 
For the isocon representing secondary chlorite replacing secondary sericitic (potassic) alteration, 
constant Al2O3 and TiO2 as well as constant Hf and Zr are related to the constant mass and 
constant volume isocons (Figure 24).  For the isocon defined by Al2O3 and TiO2 an overall mass 
loss of 11% is given.  However, the isocon defined by Hf and Zr appear to match up well with 
constant mass and volume. These isocons show a 0 to 5% overall mass gain for meta-volcanic 
rock altered to secondary chlorite.  Significant gains include Fe2O3, MgO , MnO, Cu, Zn, Eu, 
and HREE, with losses in SiO2, K2O, and Ni. 
 
Figure 24.  Isocon plot for Fe-chlorite alteration replacing secondary sericite (potassic alteration) proximal 
to hematite ore. 
Gains in Fe2O3 and MgO and losses in K2O, Ba, and Rb reflect the replacement of sericite by 
chlorite.  In thin-section fine-grained Fe-chlorite is seen replacing sericite in schists enveloping 
and intruding hematite ore.  The LREE appear to be immobile during this stage of alteration, with 
the exception of Eu, which shows enrichment similar to that of the HREE. 
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The isocon for the associated hematite ore breccia + secondary Fe-Chlorite is defined by constant 
mass and constant volume and shows an overall mass loss for the ore of 0-5% (Figure 25).  Mass 
gains associated with the addition of chlorite to ore include SiO2 (271-289%), CaO (12-17%), 
P2O5 (8-13%), LREE (52-127%), HREE (158-333%), Zr (287-306%), Zn (400-424%), Ni (215-
230%) and nearly all Al2O3, MgO, and TiO2.  Mass losses include Fe2O3 (5-10%), CaO (34%), 
and Cu (7-11%). 
The results of the isocon analysis for Fe-chlorite alteration and associated development of ore 
breccia can be seen in tables 5 and 6, respectively. 
 
Figure 25.  Isocon plot for the addition of Fe-chlorite within ore breccia adjacent to chlorite schist. 
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Table 5.  Chemical changes associated with Fe-chlorite (5c) alteration based on constant hafnium and 
zirconium.  Components measuring at or near detection limits omitted. 
Component % Change 
5c 
SiO2 -45 
Al2O3 11 
Fe2O3 149 
MgO 144 
CaO N/A 
Na2O N/A 
K2O -76 
TiO2 15 
P2O5 N/A 
MnO 283 
Ba  -65 
Sr 66 
Rb -76 
Hf -0.58 
Zr 0.58 
V -38 
Y 264 
La -4 
Ce -13 
Pr -18 
Nd -21 
Sm 0 
Eu 101 
Gd 49 
Tb 63 
Dy 87 
Ho 139 
Er 147 
Tm 131 
Yb 113 
Lu 105 
Cu 57 
Ni -20 
Zn 216 
Co 121 
LOI 78 
Mass nil 
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Table 6.  Chemical changes associated with transition from microbanded hematite ore to ore breccia with 
Fe-chlorite based on constant mass. 
Component % Change 
Ore Breccia 
SiO2 289 
Al2O3 635 
Fe2O3 -5 
MgO 5433 
CaO 17 
Na2O N/A 
K2O N/A 
TiO2 533 
P2O5 13 
MnO 256 
Ba  22 
Sr 67 
Rb N/A 
Hf 400 
Zr 306 
V 55 
Y 296 
La 89 
Ce 90 
Pr 67 
Nd 79 
Sm 103 
Eu 60 
Gd 127 
Tb 170 
Dy 208 
Ho 280 
Er 294 
Tm 290 
Yb 280 
Lu 333 
Cu -7.25 
Ni 230 
Zn 424 
Co 644 
LOI 389 
Mass nil 
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The results of the isocon analyses, indicating relative mass losses and gains associated with each 
stage of wall rock alteration during the upgrading of BIF to hematite ore, can be seen below in 
Table 7.  Also shown are elemental losses and gains for each stage of alteration. 
Table 7.  Results of Isocon Analyses.  Immobile elements are distinguished as those with calculated mass 
gains or losses 0-10%. 
      Elemental Trends 
Comparison Lithology ∆Mass Gains Losses Immobile 
(Potassic Alteration) 
Paragonite/sericite/silica 
to sericite alteration 
Soudan 
Basalt 
Minor 
loss 
K, Ba, Rb, 
V Zn, Ni, 
LREE 
Na, Si, Cu, 
Sr 
Al, Ti, Hf, 
Zr, HREE 
(Potassic Alteration)  
Mg-rich chlorite to 
sericite alteration 
Soudan 
Basalt 
Minor 
loss 
K, Si, Ba, 
Rb, Cu, Sr, 
Cs, LREE 
Fe, V, Co, 
Zn 
Al, Hf, Zr, 
HREE 
Martite/hematite BIF to 
microbanded hematite 
ore 
BIF 
Minor 
loss 
Fe 
Si, Al, Mg, 
Ca, P, Ni, 
Zn, Sr, 
LREE 
HREE, Y, V 
Paragonite/sericite/silica 
to hematite altered schist 
Soudan 
Basalt 
+33% 
Fe, Mg, V, 
Cu, Zn, 
LREE, 
HREE 
K, Na, Rb, 
Si 
Al, Ti, Hf, Zr 
Sericite to Fe-chlorite 
altered schist 
Soudan 
Basalt 
nil 
Fe, Mg, Zn, 
Cu, Co, Sr, 
Eu, HREE 
K, Ba, Rb, 
Si, V, Ni, 
Cs 
Hf, Zr, 
LREE (La, 
Ce, Pr, Nd) 
Laminated ore to ore 
breccia + Fe-chlorite 
BIF nil 
Mg, Si, Zn, 
Co, Ni,  
HREE, 
LREE 
None Fe? 
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REE Geochemistry 
REE concentrations were normalized to C1 chondrite values obtained from Anders and Grevfor 
(1989) for each stage of wall rock alteration associated with the upgrading of BIF to hematite ore 
(Figure 26Figure 27, Figure 28Figure 29).  Samples taken outside ore breccia zones along the 27th 
level consist of primary sericite/paragonite/silica schist and chlorite schist intermediate to 
hematite ore occurrences.  The normalized REE plot of primary chlorite-sericite altered schists 
(Figure 26) shows elevated LREE concentrations relative to HREE and a slight negative Eu 
anomaly.  Secondary sericite (potassic alteration) is associated with LREE enrichment (20 to > 
200 wt%) as well as a positive Eu anomaly for a few samples taken within these schists (Figure 
27).  Hematite altered schists occurring within both primary sericite/paragonite and Mg-rich 
chlorite at breccia zone boundaries and secondary sericite alteration along fractures and shear 
planes adjacent to ore show similar enrichment of both LREE and HREE and a minor positive Eu 
anomaly for all samples (Figure 28).  Secondary Fe-rich chlorite surrounding the hematite ore 
shows elevated HREE concentrations relative to the LREE and a stronger positive Eu anomaly 
(Figure 29).  
 
Figure 26.  C1 chondrite normalized REE concentrations of altered basalts outside hematite ore breccia 
zones, intermediate to ore.  These samples represent primary sericite/chlorite alteration occurring prior to 
1
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upgrading of Jasper-BIF to hematite ore.  Samples D001 D001 and D003 consist of sericite/paragonite 
altered rocks and samples D-CS4 and MT-CS1 consist of Mg-chlorite altered rocks.  
 
HREE are less compatible than the LREE due to their smaller ionic radii, and can become 
fractionated during hydrothermal metasomatism.  Bau (1991) concluded that because of the 
difference in ionic radii of the REE, a fluid-rock interaction controlled by sorption mechanisms 
would produce a fluid displaying Lan/Lun > 1.  Wood (1990) showed that at elevated temperatures 
REE-fluoride complexes dominate in a hydrothermal system.  Bau (1991) points out that because 
the of increase of stability constants from La to Lu for REE-flouride complexes, transport of the 
REE as fluoride complexes would result in the REE pattern of the fluid displaying Lan/Lun < 1. 
 
 
Figure 27.  C1 chondrite normalized REE concentrations of secondary sericite schists (Potassic alteration) 
occurring at the outer edges of ore breccia zones. 
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Figure 28.  C1 chondrite normalized REE concentrations of primary and secondary sericite replaced by 
hematite alteration.  Samples D001-2 and MT-SCPR6 consist of hematite replacing primary 
sericite/paragonite alteration.  Sample MT-CSPR5 consists of hematite replacing secondary sericite 
alteration. 
 
Figure 29.  C1 chondrite normalized REE concentrations of Fe-chlorite schists enveloping and included in 
hematite ore. 
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Eu/Eu* and La/Lu values 
Eu occurs in solution in either the 2+ or 3+ valence state, and is dependent on the redox 
conditions Peter et al., 2003).  In natural systems, Eu3+ can be reduced to Eu2+, leading to the 
fractionation of Eu from the other REE (Bau, 1991).  Eu3+/Eu2+ redox potential is most strongly 
tied to changes in temperature, with equilibrium shifting towards higher fO2 with increasing 
temperature.  The Eu anomaly has been defined by Mclennan (1989) as:  Eu/Eu* = 
Eun/(Smn*Gdn)0.5, where n is the chondrite normalizing value.  Early alteration assemblages (Mg-
chlorite, paragonite/sericite, and secondary sericite) are associated with similar enrichment of Eu 
and LREE relative to the HREE, with Eu/Eu* values ranging 0.78-1.4 and average La/Lu values 
of 5.17.  Hematite alteration is associated with similar gains in the LREE and HREE, with slight 
enrichment of Eu (Eu/Eu* = 1.15-1.4) and average La/Lu values down slightly to 3.66.  Fe-
chlorite alteration produced moderately positive Eu/Eu* values ranging 1.44-1.87 and enrichment 
of the HREE relative to the immobile LREE, lowering the La/Lu ratio to an average of 2.62. 
Discussion 
Paragenetic Sequence 
Conversion of the magnetite-chert and altered hematite-jasper BIF to massive hematite most 
likely began with early D2 deformation as evidenced by ore being restricted to the Mine Trend 
Shear Zone (MTSZ).  Early deformation is associated with sericite/paragonite/silica and Mg-rich 
chlorite alteration possibly due to synvolcanic seafloor hydrothermal convection prior to the 
development of the MTSZ.  With increasing subduction, metamorphic hydrothermal waters may 
have been produced by dehydration of volcanics lower in the strata.  These early metamorphic, 
hydrothermal fluids may have been lower temperature fluids (250-300 °C), as indicated by the 
slightly negative to absent Eu anomalies (primary volcanic REE patterns).  Eu most likely 
occurred in its trivalent state during these early alteration stages, signifying a lower temperature 
fluid.  Fluids would have been drawn in and focused within the hematite breccia zones associated 
with local sericite alteration replacing earlier regional sericite/paragonite/silica- and Mg-rich 
chlorite altered schists.  As observed by Klinger (1960), structural thinnings of the BIF controlled 
by narrow ductally deforming shear zones appears to be the main control of ore deposition.  This 
is observed at the eastern extent of the Montana Ore Zone, where microbanded BIF occurs as a 
product of silica removal at the intersection of two narrow sericite/chlorite shear zones.  A 
siliceous halo with heavy quartz veining exists proximal to microbanded ore as a by-product of 
 48 
 
this silica removal from the BIF.  Wall rock alteration outside this siliceous zone transitions to the 
moderately foliated primary Mg-chlorite + sericite schists. 
Following the local leaching of silica from the japser-BIF, iron mobility is observed by its 
addition to both silica depleted BIF and adjacent wall rock.  Within schists in contact with ore, 
secondary Fe-chlorite also occurs as a product of this iron mobility. Locally microcrystalline 
hematite ‘paint rock’ overprints secondary sericite and primary chlorite alteration intermediate to 
the hematite ore.  This later hydrothermal fluid was most likely a higher temperature fluid (>300 
°C), which would be required to produce the moderate positive Eu anomalies associated with 
hematite and Fe-chlorite alteration.  As indicated by Bau (1991) and Peters (2003), the reduction 
of Eu to its divalent state is driven predominantly by a shift of the hydrothermal system to 
temperatures greater than 300 °C.  The reducing nature of the system, indicated by a lack of 
oxidized minerals such as goethite, seems to indicate Fe mobility was driven by changes to the 
pH of the fluid.  A sufficiently acidic fluid would be required to produce the saturated Fe 
concentrations that must have been present to produce the hematite altered schists. 
Late stage D2 deformation is associated with secondary Fe-chlorite replacing secondary sericite, 
within a narrow zone enveloping the hematite ore.  Fe-chlorite occurs with quartz lining vein and 
vug walls within the massive ore.  Microplaty hematite (MpHem) also occurs along vein and vug 
walls within the ore and in breccia zones.  Hematite ‘paint rock’ alteration does not appear to 
overprint the late Fe-chlorite altered schists.   
Massive hematite ore restricted within a narrow zone in the jasper-BIF indicates fluid was 
concentrated along structurally controlled fluid conduits during early syntectonic alteration of 
interlayered basalts within the banded iron formation.  Laminated microbanded ore formed as a 
result of silica leaching focused at shear-zones where structural thinnings of the jasper-BIF 
occurred.  Late-stage syn-tectonic alteration is associated with iron mobility resulting in hematite 
precipitation and Fe-chlorite alteration.  Wall rock alteration is less pervasive during this stage, 
possibly due to fluid being drawn into and focused along early-forming breccia zones during the 
break-up of the microbanded hematite lenses of ore into smaller ore breccia zones. 
The paragenetic sequence, illustrated below in figure 30, is thus:  1) Primary sericite/paragonite 
and Mg-rich chlorite alteration of the Ely basalts, associated with seafloor hydrothermal 
alteration. This stage of alteration may be associated with the formation of the carbonate-facies 
BIF (ankerite/hematite and siderite/magnetite) and calcite stringer veins in metavolcanics 
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observed within the MTSZ. 2) Local potassic alteration possibly associated with the conversion 
of magnetite-siderite BIF to martite/hematite/jasper BIF.   During this stage, metamorphic fluids, 
restricted by deforming interlayered basalts within the BIF, leached silicate minerals from the BIF 
and produced a siliceous halo along the margins of the ore breccia zones. 3) Hematite ‘paint rock’ 
replacing primary Mg-rich chlorite and sericite alteration along the margins of ore breccia zones. 
4) Fe-rich chlorite alteration forming within a narrow zone proximal to the hematite ore lenses. 
 
Figure 30.  Paragenetic sequence for the upgrading of jasper/hematite BIF to massive hematite ore. 
Shearing appears to be dominated by the intensely foliated sub-mylonitic sericite/paragonite/silica 
schist, which is interpreted to represent the primary alteration present prior to the upgrading of 
BIF to hematite ore.  The high-strain shear zones separate the brittlely deformed ore breccias 
from surrounding weakly to moderately foliated schist n’ BIF and fragmental schists.  Silica 
removal from BIF during potassic alteration results in silicification of meta-volcanics along ore 
breccia zone margins.  As stress was stored within the system the laminated ore began to fracture 
and form breccia zones joining the smaller pockets of ore.  Strain on the system was lost as these 
breccia zones matured leading to a drop in pressure and the precipitation of silica. 
A second system of higher temperature, metamorphic fluids may have been introduced as this 
fracture system translated to greater depths. Weakly foliated Fe-rich chlorite occurring as fine-
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grained aggregates, replaces secondary sericite alteration within the schist in contact with ore.  In 
the breccia zones, subhedral pyrrhotite appears to replace pyrite as possible evidence for a 
transition to a higher temperature fluid (Figure 31).  Two stages of iron mobility is observed by 
the addition of MpHem and Mt grains up to 1 mm in size occurring within chlorite schist in 
contact with hematite ore, essentially wiping out any structural contacts. 
Schist ‘n’ BIF surrounds the ore breccia systems as a ductilely deformed sequence dominated by 
chlorite and sericite schists with narrow lenses of jasper-BIF.  Intermediate to the ore, at the ore 
breccia zone boundaries, secondary sericite Mg-rich chlorite.  Also intermediate to hematite ore 
lenses, Cu-sulphide stringer veins and disseminated chalcopyrite occur along major shear 
contacts.  The minor Cu mineralization observed at Soudan may have been associated with the 
fluids responsible for the upgrading of BIF to hematite ore, or it may represent the remobilization 
of early synvolcanic mineralization during syntectonic metasomatism. 
 51 
 
 
Figure 31.  Reflected light image of sample S3017 showing subhedral pyrrhotite (Po) replacing anhedral 
pyrite (Py) in ore breccia zone with martite (mt) and microplaty hematite (MpHem). 
Conclusion 
Clout and Simonson (2005) classify iron formation-hosted iron ore deposits into three categories:  
(1) primary iron formation with typically 30 to 45 wt percent Fe, (2) martite-goethite ore with 
abundant hydrous iron oxides with roughly 56 to 63 wt percent Fe, and (3) high-grade hematite 
ores with 60 to 68 wt percent Fe.  Primary iron formation, formed during syngenetic and 
diagenetic processes, appears to be associated with extensional tectonism.  Supergene processes 
are generally accepted to be responsible for the formation of martite-goethite ores at Pilbara 
Marra Mamba and Brockman deposits in Western Australia (Taylor et al., 2001; Clout, 2002; 
Dalstra and Guedes, 2004).  Supergene processes are also invoked to explain the formation of the 
soft, high-grade hematite Quadrilatero Ferrifero deposits in Brazil (Guedes et al., 2002; Pires, 
2002; Spier et al., 2003; Rosiere and Rios, 2004).  Microplaty hematite ores, such as Soudan 
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hematite, are thought to have formed by the replacement of carbonate and silicate minerals by 
metamorphic or magmatic hydrothermal fluids (Clout and Simonson, 2005). 
Dalstra and Guedes (2004) emphasize the importance of magnetite-carbonate-amphibole, 
magnetite-carbonate, and hematite-carbonate percursors in the formation of high-grade hematite 
ores worldwide.  They characterize protores to massive hematite as:  1) deep protores, formed at 
the highest temperatures and characterized by reduced magnetite-amphibole-siderite assemblages 
(Krivoy Rog); 2) intermediate protores, having a combination of reduced magnetite-siderite and 
oxidized hematite-ankerite assemblages (Mt. Tom Price) and; 3) shallowest and coolest protores, 
characterized by oxidized hematite-dolomite assemblages (Carajas, Thabazimbi).  Their proposed 
genetic model suggests early hydrothermal depletion of silica in the host iron formation and 
introduction of carbonates, followed by supergene leaching of the carbonates to form high-grade 
hematite ore (Dalstra and Guedes, 2004). 
At Soudan, the presence of both magnetite-siderite and hematite-ankerite precursors, along with 
intense Mg-Fe alteration to volcanics in the form of carbonate, chlorite, and talc (Klinger, 1960; 
Dahlberg et al., 1989) indicates these early hydrothermal systems were fluid dominated at 
temperatures ranging 150° to >300 °C.  This mineral assemblage indicates that these were 
intermediate protore deposits.  However, the removal of carbonate and silicate minerals from BIF 
protore at Soudan during the formation of massive hematite most likely resulted from the 
interaction of host-rock with hydrothermal metamorphic fluids associated with the subduction of 
the Soudan Member basalt and oxide facies BIF. 
Klinger (1960) suggested a volume-for-volume replacement of iron formation by hematite due to 
a lack of porosity or the existence of slump structures within the hematite ore at Soudan.  
However, the isocon analysis indicates a 39% volume loss during the upgrading of altered jasper 
banded iron formation to microbanded ore as a result of Si depletion.  The isocon analysis also 
shows a 9% mass gain in Fe during BIF upgrading to hematite ore.  The upgrading of jasper-
hematite BIF to ore can be seen as a two-stage process.  Silicate minerals were first leached from 
the BIF, associated with potassic alteration and silicification of wall rock adjacent to ore.  
Subsequent iron mobility resulted in iron addition to the ore and the formation of secondary Fe-
chlorite and hematite ‘paint rock’ alteration of schists proximal to hematite ore.  Ore breccia 
zones exist between lenses of ore as the main fluid conduits associated with late hematite and 
secondary Fe-chlorite alteration. 
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Potassic altered volcanic wall rocks adjacent to ore are enriched in the LREE, while early forming 
ore breccia is depleted in LREE.  The strong correlation between CaO, P2O5, and the LREE 
(particularly La, Ce, and Nd) during the upgrading of BIF to ore indicates that LREE mobility 
may be a product of sorption processes occurring during the removal of apatite from BIF. This 
stage of ore-upgrading is also associated with immobile HREE. 
Iron enrichment resulting in the formation of hematite ‘paint rock’ schists within the ore breccia 
system may have been a reaction to a drop in pH.  Both LREE and HREE mass gains match that 
of the overall mass gain (33%) of wall rock altered to hematite ‘paint rock’.  Fe-enrichment 
within the ore breccia zones is further indicated by a transition from Mg-rich chlorites outside the 
breccia zones to Fe-rich chlorites proximal to ore as indicated by the SEM analyses.  Secondary 
chlorite alteration is not associated with any upgrading of the hematite ore as indicated by the 
isocon analysis (Figure 22).  This late-stage alteration shows HREE-enrichment and a stronger 
positive Eu anomaly with relatively immobile LREE, and appears to occur during a period of 
waning tectonism as indicated by a lack of structural contacts between hematite ore and 
secondary chlorite schists. 
An increase of the water/rock ratio may have resulted from the development of secondary 
permeability zones formed due to the 39% volume loss in BIF.  HREE mobility could be 
explained by this higher water/rock ratio, as precipitation of secondary minerals from a fluid with 
a predominance of REE-complexes could lead to enrichment of the HREE.  However, these were 
most likely reducing, moderately acidic, and higher temperature fluids, which would be required 
for Eu to be present in its divalent state (Eu/Eu* > 1) and to produce an Fe-saturated solution. 
Early seafloor hydrothermal alteration is pervasive throughout the shear zone, as the meta-basalts 
have all been altered to Mg-rich chlorite and sericite/paragonite/silica schists.  Very little 
remnants of earlier calcic alteration associated with synvolcanic seafloor hydrothermal systems 
remains within the MTSZ.  Early K-enrichment of the Soudan Member, observed in 
sericite/paragonite/silica schists, may have been a result of the fluid-dominated synvolcanic 
hydrothermal system.  With increasing subduction the development of a K-rich, metamorphic 
hydrothermal fluid may have led to the local potassic alteration (pink sericite schists) resulting 
from fluid focusing along structurally controlled conduits.  These structurally controlled thinnings 
of the BIF are the sites for the sericitization of meta-basalts along the margins of early forming 
hematite ore breccia zones.  During this stage of alteration, silicate minerals were removed from 
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the BIF under high pressure (3-4 kb) and lower temperatures (250-300 °C).  Ductile deformation 
of the meta-basalts led to the eventual brittle ‘failure’ of the silica-depleted BIF.  As the 
laminated hematite ore began to fracture across the system the pressure within this breccia zone 
would have drastically decreased, leading to the precipitation of silica as smoky ‘bull quartz’ and 
the silicification of the sericitic schists in contacts with the hematite ore.  As these structure 
systems translated to greater depths, a higher temperature, lower pH fluid would have been 
necessary, in this reducing system, to transport the Fe required for the formation of the hematite 
schists and Fe-chlorite observed within a narrow zone around the hematite ore bodies.  This late 
system was less pervasive, as fluids were drawn in from surrounding wall rock to this low 
pressure, high permeability zone.  The mineralogy throughout the hematite ore breccia zone, from 
the surface down to the 27th level (~0.5 mile depth) is rather homogenous, with only minor 
variations to wall rock alteration proximal to ore occurrences.  The conditions at which the 
hematite ore formed throughout the breccia system must therefore have been relatively similar, 
with a low pressure and temperature gradient across the system. 
The source and characteristics of these two hydrothermal systems remains enigmatic, as the 
pressure and temperature conditions these fluids were under remain rather poorly constrained.  
The pH/Eh conditions appear to favor a reducing/acidic fluid, however further work is needed to 
try and buffer these systems.  Fluid inclusion studies could help constrain the temperature and 
chemistry of the ore-forming fluids, while isotope analyses could shed light on their source. 
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APPENDIX A 
PETROGRAPHIC ANALYSES 
  
 ii-A 
 
MT3007  Fe/Mg-Chlorite + Quartz + Fe-Oxides 
Weakly foliated fine-grained aggregates of Fe/Mg-chlorite + quartz occurring in fine-grained 
chlorite matrix with euhedral martite grains up to 0.1 mm throughout ~ 10-15% Fe-oxides, 
showing local foliation through aggregate mineral grain alignment along dominant shear zones 
MT 3003   Sericite + Quartz > Fe-Chlorite + Hematite 
Pervasive well foliated sericite alteration enveloping fine-grained disseminated Quartz + Sericite 
+ Pyrophyllite replacing K-spar showing less degree of foliation. Secondary Fe-Chlorite fiamme 
throughout parallel to foliation with associated anhedral to subhedral tabular Microplaty hematite. 
Late cross-cutting vein of chlorite showing slight off-setting due to shearing. 
MT 2001   Sericte >> Fe-Chlorite + Fe-Oxide + Quartz 
Pervasive sericite + pyrophyllite alteration with minor amount of secondary Fe-chlorite and 
quartz. Fe-oxides associated with areas of high shear (foliation planes) predominantly anhedral to 
subhedral martite and hematite with minor amounts of Mphem showing mineral alignment along 
shears. 
D 2009  Microbanded Hematite Ore 
Alternating bands of coarse (up to 1mm) , dense subhedral martite bands and more porous  
microcrystalline hematite (Mihem) with minor amorphous hematite grains. Mihem bands show 
slump structures (photo) and pinching out in areas 
D 2014  Microbanded Hematite Ore 
Coarse, dense martite/Mphem bands alternating with more porous anhedral hematite/Mihem 
bands with minor subhedral grains of martite 0.1-0.5 mm.  Shearing occurs along banding 
boundaries indicated by mineral grain alignment (photo).  Late cross-cutting quartz/Fe-Chlorite 
viens with Mphem precipitating on vein walls. 
D2001 Microbanded hematite ore + Microplaty hematite 
Remnant banding of dense aggregate massive subhedral martite + hematite ore and fine-grained 
anhedral hematite + Mihem, cut by porous ore breccia consisting of randomly oriented, coarse 
Mphem and Martite, coarse Mphem associated with veining cutting banding 
D2010 Hematite + chlorite + quartz 
Primary Mihem (Paint Rock) alteration with minor amounts (<5%) subhedral martite grains up to 
0.1 mm.  Secondary chlorite + quartz alteration occurring as veins and coarse aggregates 
 
 
 iii-A 
 
D2012  Sericite > Fe-Chorite + Quartz +/- Fe_Oxides 
Primary selective pervasive, fine-grained and weakly foliated sericite alteration replacing fine-
grained aggregates of Fe-Chlorite and coarse anhedral quartz.  Minor Fe-Oxides (~5%) occurring 
as subhedral martite and tabular hematite associated with chlorite alteration. 
S3010  Fe/Mg Chlorite + Quartz > Sericite 
Disseminated flakes of Fe/Mg-Chlorite with minor quartz replacing weakly foliated fine-grained 
sericite. Fe/Mg-Chlorite also occurring as veins cutting foliation. 
S3013 Altered Banded Iron Formation 
Dense martite microbands with siliceous chert microbands being replaced by microcrystalline 
hematite and coarser irregular hematite.  Sulfides occurring within chert replacement bands in the 
form of anhedral to subhedral pyrite and minor chalcopyrite. 
MT2003 Fe-Depleted Microbanded Banded Iron Formation 
Microbands of siliceous chert with fine quartz and microcrystalline hematite. Late quartz veins 
cutting banding with secondary fine-grained irregular hematite occurring with disseminated Fe-
chlorite. 
D2009 Microbanded Hematite Ore 
Microbands of coarse, irregular hematite/martite (Pseudo morph bands) alternating with 
microbands of fine to microcrystalline hematite with recrystallized quartz (Replacement bands).  
Replacement bands pinchout in places and show minor slump structures with coarser 
hematite/martite cutting fine-grained bands. 
D2016 Microbanded ore with late MpHem 
Coarse martite microbands alternating with fine-grained anhedral hematite. Cut by later coarse 
MpHem occurring with secondary fine quartz and microcrystalline hematite. 
S3015 Less altered Banded Iron Formation 
Micro to Meso-banded jasper BIF with bands up to 1 cm in width.  Oxide bands characterized by 
coarse grains of martite up to 0.1 mm with fine-grained, irregular hematite averaging 0.01 mm. 
Halo of microcrystalline hematite chert surrounds oxide bands. Alternating bands of siliceous 
chert with minor hematite/martite grains. Late secondary quartz veins cuts banding. 
 
 
 
 
 
 iv-A 
 
S102 Fe-chlorite + Fe-oxides 
 
Fine-grained chlorite, with light-green to yellow pleochroism and light-blue birefringence colors.  
Disseminated grains of sub-euhedral martite grains up to 0.1 mm, with later concentrated MpHem 
(0.01-0.05 mm) cutting foliation. 
 
 
D001 Sericite + Paragonite? +/- Pyrrophyllite + Quartz >> Chlorite + Hematite 
 
Moderately foliated, fine-grained sericite/paragonite? schist replacing fine-grained chlorite, with 
quartz displaying bulging recrystallization and mineral grain alignment.  Locally fine-grained 
microcrystalline hematite replaces chlorite, with some hematite alteration occurring along 
microfractures cutting foliation. 
 
D003 Sericite + Paragonite? +/- Pyrrophyllite + Quartz >> Chlorite + Hematite 
 
Strongly foliated, fine-grained sericite/paragonite schist with spaced cleavage domains up to 30-
40 vol%. Primary chlorite occurring along cleavage domains, with minor quartz showing strong 
mineral alignment.  Locally hematite alteration occurs along shear and microfractures. 
 
D002 Sericite/Chlorite altered Debris Flow 
 
Moderately foliated debris flow, with clasts showing grain alignment along foliation.  Clasts grain 
sizes from 1 mm up to > 1 cm with selectively-pervasive replacement by sericite.  Fine-grained 
chlorite/sericite matrix, with veins of recrystallized quartz and disseminated flakes of chlorite 
showing strong pleochroism from light yellow to light green. 
 
S3017  Ore Breccia with sulfides 
 
Hematite ore breccia with martite altering to hematite along grain boundaries.  Quartz veins lined 
with secondary microplaty hematite occurring with sulfides in the form of anhedral pyrite and sub 
to euhedral pyrrhotite. 
 
S104  Ore breccia + chlorite 
 
Coarse subhedral martite grains (0.1 mm) oxidizing to hematite along grain boundaries, within 
fine-grained irregular hematite matrix.  Later, coarse microplaty hematite occurring along fracture 
and vug walls.  Chlorite occurring as disseminated flakes and quartz also present with microplaty 
hematite. 
 
S106  Hematite/Jasper BIF 
 
Oxide bands consist of alternating layers of coarse, euhedral martite and microcrystalline 
hematite.  Silicate bands consist of fine-grained Fe-silicate minerals, with heavy iron ‘staining’ of 
silicate minerals in contact with oxide bands.  Banding offset by fractures with coarse, irregular 
hematite and chlorite occurring as disseminated flakes showing weak pleochroism and 
birefringence from pale yellow to dark green. 
 
 
 v-A 
 
S2002  Ore breccia + chlorite 
 
Dense bands of subhedral matite (0.1-0.2 mm) alternating with bands of fine-grained, microplaty 
hematite occurring within a microcrystalline hematite matrix.  In contact with chlorite schist, 
showing moderate foliation.  Chlorite displays weak pleochroism from light yellow to light green, 
with light blue birefringence. 
 
D2008  Ore breccia + chlorite 
 
Dense martite with intergrown microplaty hematite within a fine-grained hematite matrix.  Very 
little remnants of banding still observed.  Microplaty hematite occurring along vein walls with 
quartz and micaceous chlorite.  Chlorite displays weak pleochroism from yellow to green and 
bluish-green birefringence.   
 
S3014  Ore breccia + chlorite 
 
Porous subhedral martite, with fine-grained microplaty hematite occurring with chlorite within 
veins and vugs.  Chlorite occurs as coarse, disseminated flakes, with weak pleochroism from light 
yellow to green and bluish-green birefringence. 
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APPENDIX B 
GEOCHEMISTRY DATA 
  
  
 
GEOCHEMIS
 
Sample 
D003 
D004 
D004-2 
D2001 
D2009 
D2010 
D2014 
D2015 
D2016 
D2017 
D2018 
D2019 
D2020 
D001 
D001-2 
S102 
S104 
S105 
S106 
S107 
S3010 
S3010-2 
S3011 
S3012 
S3014 
S3018 
MT2001 
MT2003 
MT3002 
MT3003 
MT3004 
MT3007 
MT3008 
MT-SCPR6 
MT-CS1 
MT-CSS5 
MT-CSPR5 
MT-CS2 
MT-LBIF8 
MT-CHBIF10
D-CS4 
S-CS9 
S-SCS3 
TRY DATA Method 
Analyte 
Unit 
Detection Lim
Lithology 
Sericite/Parag
Ore 
Fe-Chlorite 
Ore 
Ore 
Hematite+Ch
Ore 
BIF 
Ore 
Hematite+Ch
Chlorite 
BIF 
BIF 
Sericite/Parag
Hematite+Ser
Fe-Chlorite 
Ore 
Ore 
BIF 
Ore 
Ore 
Fe-Chlorite 
BIF 
Ore 
Ore 
Ore 
Sericite+Chlo
BIF 
Sericite+Chlo
Sericite+Chlo
BIF 
Fe-Chlorite 
BIF 
Hematite+Ser
Chlorite 
Sericite+Chlo
Hematite+Ser
Sericite+Chlo
BIF 
 Chert 
Debris Flow 
Fe-Chlorite 
Sericite+Chlo
 
WGHT LF2
Wgt SiO2
KG % 
it 0.01 0
onite 0.02 60
0.03 2
0.03 29
0.05 0
0.04 
lorite 0.11 41
0.17 0
0.06 31
0.04 1
lorite 0.07 26
0.14 47
0.09 29
0.04 50
onite 0.03 70
icite 0.07 62
0.04 20
0.06 0
0.1 0
0.14 27
0.06 3
0.23 1
0.16 30
0.07 45
0.05 8
0.07 2
0.13 13
rite 0.03 57
0.02 73
rite 0.13 50
rite 0.02 50
0.16 34
0.29 42
0.49 36
icite 0.06 39
0.07 41
rite 0.04 53
icite 0.02 53
rite 0.04 54
0.08 35
0.04 36
0.1 49
0.07 28
rite 0.05 59
00 LF200 LF200 
 Al2O3 Fe2O3 
% % 
.01 0.01 0.04 
.26 19.21 9.91 
.22 1.7 93.55 
.54 22.18 26.66 
.43 0.27 98.15 
4.5 0.27 94.79 
.04 12.68 31.73 
.73 0.19 98.59 
.36 0.14 68.09 
.23 0.43 97.23 
.82 14.39 43.54 
.38 15.39 21.02 
.85 1.06 66.57 
.81 0.16 48.69 
.93 15.23 6.88 
.44 13.41 18.21 
.82 15.15 47.84 
.63 0.25 98.38 
.97 0.57 91.64 
.44 0.76 70.63 
.37 0.21 95.39 
.98 1.51 92.97 
.97 19.98 28.15 
.09 0.3 54.14 
.52 0.65 89.96 
.57 1.86 92.74 
.37 0.56 83.51 
.47 17.23 11.58 
.61 0.43 25.38 
.74 20.7 12.79 
.88 18.02 12.61 
.12 0.46 64.58 
.52 13.8 27.28 
.83 0.33 61.82 
.84 14.55 36.42 
.69 16.47 21.79 
.22 20.75 10 
.28 16.78 15.28 
.23 19.32 10.15 
.72 0.81 61.92 
.66 13.9 34.73 
.61 15.75 15.21 
.75 19.76 30.28 
.84 16.23 11.7 
LF200 LF200 LF2
MgO CaO Na2
% % % 
0.01 0.01 0
1.5 0.06 1
0.82 0.12 0
9.99 0.09 0
0.01 0.51 0
0.01 0.09 0
7.42 0.1 0
0.02 0.02 0
0.03 0.04 <0.0
0.1 0.24 0
6.99 0.17 0
7.27 0.05 0
0.39 0.79 0
0.04 0.11 <0.0
0.45 0.07 1
0.25 0.06 1
8.47 0.06 0
0.04 0.07 0
0.16 3.48 0
0.3 0.25 0
0.05 0.19 0
0.68 0.66 0
10.02 0.07 0
0.13 0.08 <0.0
0.19 0.02 0
0.99 0.15 0
0.16 1.19 0
3.16 0.26 0
0.19 0.03 <0.0
3.74 0.04 0
7.11 0.16 0
0.27 0.03 <0.0
8.83 0.04 0
0.14 0.03 <0.0
1.84 0.07 0
10.55 0.2 0
3.36 0.05 0
3.46 0.73 0
4.18 0.05 0
0.35 0.05 0
6.8 0.04 0
8.58 1.1 0
10.18 0.08 0
3.4 0.05 0
00 LF200 LF200 
O K2O TiO2 
% % 
.01 0.01 0.01 
.17 2.91 0.83 
.02 <0.01 0.03 
.07 1.38 0.9 
.01 0.01 <0.01 
.01 <0.01 0.02 
.02 0.01 0.6 
.01 <0.01 <0.01 
1 <0.01 <0.01 
.03 <0.01 <0.01 
.04 0.02 0.67 
.02 1.62 0.66 
.03 0.02 0.02 
1 <0.01 <0.01 
.18 1.78 0.65 
.23 1.18 0.61 
.02 0.03 0.23 
.02 <0.01 <0.01 
.05 <0.01 <0.01 
.02 <0.01 <0.01 
.03 <0.01 <0.01 
.02 <0.01 <0.01 
.03 1.66 0.88 
1 0.02 0.01 
.03 <0.01 <0.01 
.01 <0.01 0.06 
.02 <0.01 0.04 
.05 4.91 0.63 
1 0.01 <0.01 
.05 6.66 0.79 
.04 4.28 0.78 
1 0.02 <0.01 
.01 0.02 0.58 
1 0.01 <0.01 
.15 1.71 0.62 
.01 0.06 1.11 
.07 6.35 0.96 
.03 4.99 0.75 
.06 5.43 0.91 
.01 0.01 0.04 
.06 1.04 0.59 
.02 2.03 0.72 
.04 1.2 0.94 
.04 4.28 0.7 
LF200 LF200 LF2
P2O5 MnO Cr2O
% % % 
0.01 0.01 0.
<0.01 0.05 0
0.04 0.06 <0.0
<0.01 0.2 0.
0.35 0.02 0.
0.06 0.03 0.
0.05 0.16 0.
<0.01 0.01 0.
<0.01 <0.01 0.
0.15 0.02 <0.0
0.08 0.16 0.
<0.01 0.13 0.
0.52 0.02 0.
0.06 0.01 0.
0.03 0.02 0.
<0.01 0.02 0.
<0.01 0.2 <0.0
0.03 0.02 0.
2.44 0.03 0.
0.14 0.02 0.
0.09 0.02 0.
0.5 0.05 0.
<0.01 0.19 0.
0.03 0.01 0.
<0.01 0.02 0.
0.06 0.05 0.
0.8 0.02 0.
0.17 0.05 0.
0.01 0.02 0.
<0.01 0.05 0.
0.09 0.04 0.
<0.01 0.01 0.
<0.01 0.16 <0.0
<0.01 <0.01 0.
0.02 0.08 0
0.13 0.14 0.
0.03 0.05 0.
0.49 0.06 0.
0.01 0.05 0.
0.02 0.02 0.
<0.01 0.09 <0.0
0.04 0.12 0.
<0.01 0.18 0.
<0.01 0.06 0.
00 LF200 LF200 
3 Ni Sc 
PPM PPM 
002 20 1 
.02 89 28 
02 71 4 
023 83 29 
007 75 1 
002 44 2 
021 89 16 
002 <20 <1 
009 <20 <1 
02 31 1 
023 146 21 
025 43 25 
003 58 2 
006 <20 <1 
027 64 17 
021 56 19 
02 151 8 
005 28 1 
003 60 2 
009 54 1 
004 20 2 
012 75 3 
027 93 29 
008 <20 <1 
002 <20 2 
005 47 3 
007 91 2 
045 352 26 
011 <20 1 
041 50 35 
035 203 29 
009 <20 1 
02 48 9 
014 <20 1 
.02 92 29 
027 153 26 
032 65 33 
024 160 29 
027 44 33 
005 20 2 
02 35 11 
047 233 25 
024 121 26 
025 55 24 
LF200 LF200 
LOI Sum 
% % 
-5.1 0.01 
4 99.94 
1.4 99.96 
8.7 99.77 
0.2 99.99 
0.2 99.99 
6 99.84 
0.4 99.98 
0.3 100 
0.5 99.96 
6.9 99.81 
6.2 99.81 
0.7 99.99 
0.1 100.01 
2.7 99.96 
2.5 99.95 
6.9 99.75 
0.5 99.97 
0.6 99.96 
0.4 99.99 
0.6 99.97 
1.6 99.95 
7.8 99.75 
0.2 100.01 
0.6 99.98 
1.4 99.95 
0.3 99.99 
4.3 99.89 
0.3 100.01 
4.2 99.84 
5.7 99.8 
0.5 100 
6.6 99.8 
0.8 100 
4.6 99.89 
7.6 99.75 
5 99.83 
3.9 99.83 
5.4 99.82 
1 99.97 
5.9 99.8 
5.9 99.11 
8.3 99.75 
3.5 99.85 
  
Meth
Analy
Unit 
Detec
 
Sample Litho
D003 Seric
D004 Ore 
D004-2 Fe-Ch
D2001 Ore 
D2009 Ore 
D2010 Hema
D2014 Ore 
D2015 BIF 
D2016 Ore 
D2017 Hema
D2018 Chlor
D2019 BIF 
D2020 BIF 
D001 Seric
D001-2 Hema
S102 Fe-Ch
S104 Ore 
S105 Ore 
S106 BIF 
S107 Ore 
S3010 Ore 
S3010-2 Fe-Ch
S3011 BIF 
S3012 Ore 
S3014 Ore 
S3018 Ore 
MT2001 Seric
MT2003 BIF 
MT3002 Seric
MT3003 Seric
MT3004 BIF 
MT3007 Fe-Ch
MT3008 BIF 
MT-SCPR6 Hema
MT-CS1 Chlor
MT-CSS5 Seric
MT-CSPR5 Hema
MT-CS2 Seric
MT-LBIF8 BIF 
MT-
CHBIF10 Chert
D-CS4 Debri
S-CS9 Fe-Ch
S-SCS3 Seric
od LF200 
te Ba 
PPM 
tion Limit 1
logy 
ite/Paragonite 159
7
lorite 76
10
6
tite+Chlorite 12
2
3
10
tite+Chlorite 14
ite 319
9
4
ite/Paragonite 105
tite+Sericite 86
lorite 5
5
12
5
7
9
lorite 266
7
14
6
7
ite+Chlorite 334
1
ite+Chlorite 530
ite+Chlorite 389
6
lorite 6
3
tite+Sericite 139
ite 17
ite+Chlorite 418
tite+Sericite 496
ite+Chlorite 464
11
 93
s Flow 204
lorite 105
ite+Chlorite 468
LF200 LF200 L
Be Co C
PPM PPM P
 1 0.2 
 <1 16.8 
 2 8.8 
 3 33.3 
 <1 1.1 <
 <1 3.5 <
 2 48.3 
 <1 1.3 
 <1 1.1 <
 2 2.2 <
 3 65.5 
 2 30.1 
 <1 8.6 <
 <1 2.5 <
 <1 19.1 
 <1 12.7 
 4 54.7 
 2 2.1 <
 2 3.7 
 1 2.9 <
 2 1.6 
 <1 7.7 <
 3 51.1 
 1 1.5 <
 <1 2.5 
 2 10.3 <
 <1 4.3 <
 <1 22.2 
 <1 4.7 <
 2 14 
 1 44.7 
 <1 1.2 <
 3 44.4 
 <1 1.7 <
 6 16 
 <1 41.1 
 1 13.8 
 4 23.7 
 <1 11 
 <1 6.1 <
 4 8.7 
 <1 41.4 
 4 47.5 
 2 15 
F200 LF200 LF200
s Ga Hf 
PM PPM PPM 
0.1 0.5 0.1
5.2 13.1 2.1
0.1 3.8 0.5
5.6 11.9 2.2
0.1 1.7 <0.1 
0.1 <0.5 0.3
0.8 7.4 1.5
0.2 <0.5 <0.1 
0.1 <0.5 <0.1 
0.1 <0.5 <0.1 
2.9 11.3 1.7
3 12.2 1.7
0.1 1.3 <0.1 
0.1 <0.5 <0.1 
3.4 11.7 2
5.1 9.4 1.8
2.1 10.9 10.1
0.1 <0.5 0.2
0.2 1 <0.1 
0.1 0.7 <0.1 
1.6 <0.5 0.1
0.1 2.6 <0.1 
3 15.9 2.2
0.1 <0.5 0.1
0.2 <0.5 <0.1 
0.1 1.6 0.2
0.1 1.6 0.2
7.9 13.7 1.7
0.1 <0.5 <0.1 
10.5 16.8 2
8.2 14.5 1.9
0.1 <0.5 <0.1 
1 7.4 6.3
0.1 <0.5 0.1
6.2 12.3 1.5
0.4 16.5 2.1
7.6 16.6 3.2
7.2 14.8 1.8
7.7 19.7 2.8
0.1 0.8 0.3
5 11.2 6.6
1.8 12.8 1.6
4.5 11.3 2.3
5.5 14 2
LF200 LF200 L
Nb Rb Sn
PPM PPM PP
 0.1 0.1 
 3.6 93.2 <
 3.3 <0.1 
 4.1 47.8 <
0.1 0.1 <
 0.3 <0.1 <
 3 0.6 <
0.6 <0.1 <
0.2 <0.1 <
0.5 <0.1 <
 2.9 1.4 <
 2.7 67.7 <
0.2 0.7 <
<0.1 <0.1 <
 4.6 49.7 <
 4.1 32.8 <
 16.2 1.2 
 0.2 <0.1 
0.1 0.3 <
<0.1 <0.1 <
 <0.1 2.5 <
<0.1 <0.1 
 3.5 65.6 <
 <0.1 0.4 <
0.4 2 
 0.3 <0.1 <
 <0.1 <0.1 
 2.3 220.1 <
0.2 <0.1 <
 3.1 301.4 <
 3.4 192.9 <
<0.1 0.5 <
 9 0.6 
 <0.1 0.1 <
 2.9 62.7 <
 3.9 2.9 <
 5.2 268 <
 3.4 241.3 <
 4.9 243.4 <
 0.2 0.6 <
 9.4 37.6 
 3.9 59.9 <
 4.2 54.4 
 3.1 181.8 <
F200 LF200 LF200
 Sr Ta 
M PPM PPM 
1 0.5 0.1
1 29.2 0.3
1 5.2 0.2
1 31.2 0.2
1 5.3 <0.1 
1 4.5 <0.1 
1 12.9 0.2
1 3.5 0.1
1 2.3 <0.1 
1 5.8 0.4
1 46 0.2
1 8.4 0.2
1 21.8 <0.1 
1 6.2 <0.1 
1 112.8 0.3
1 85.6 0.3
3 15.2 1.6
1 5.5 <0.1 
1 27.7 <0.1 
1 7.1 <0.1 
1 17.7 <0.1 
1 13 <0.1 
1 13.6 0.3
1 3.3 <0.1 
1 3.5 0.2
1 3.9 0.1
1 19.3 <0.1 
1 13.9 0.2
1 2.1 <0.1 
1 11.8 0.2
1 11.6 0.2
1 1.5 <0.1 
3 11.2 1.1
1 1.5 <0.1 
1 29.3 0.2
1 4.1 0.2
1 13.8 0.4
1 17 0.3
1 19.5 0.4
1 3 <0.1 
3 27.4 0.8
1 10.9 0.3
1 21.3 0.3
1 9.8 0.2
LF200 LF200 L
Th U V
PPM PPM P
 0.2 0.1 
 0.9 0.3 
 0.3 <0.1 
 0.8 0.4 
<0.2 <0.1 
<0.2 <0.1 
 0.6 0.2 
 <0.2 <0.1 
<0.2 <0.1 
 <0.2 <0.1 
 0.5 0.4 
 0.6 0.2 
<0.2 0.4 
<0.2 <0.1 
 0.7 0.1 
 0.7 0.3 
 7.5 1.5 
<0.2 <0.1 
<0.2 0.2 
<0.2 0.1 
<0.2 <0.1 
<0.2 0.1 
 0.7 0.3 
<0.2 <0.1 
 <0.2 <0.1 
 <0.2 <0.1 
<0.2 0.5 
 0.5 0.1 
<0.2 <0.1 
 0.7 0.1 
 0.6 0.1 
<0.2 <0.1 
 5.5 0.9 
<0.2 <0.1 
 0.6 0.2 
 0.4 0.1 
 1 0.1 
 0.6 <0.1 
 0.8 0.1 
<0.2 <0.1 
 5.3 1.2 
 0.9 0.2 
 0.7 0.3 
 0.6 0.1 
F200 LF200 
 W 
PM PPM 
8 0.5 
90 <0.5 
40 1.8 
89 0.5 
30 2.7 
34 2.2 
76 <0.5 
34 2 
13 1.2 
35 3.2 
95 <0.5 
134 <0.5 
23 1.5 
10 1.1 
105 0.7 
161 <0.5 
29 <0.5 
42 2.4 
69 3.5 
36 3.5 
52 6.7 
56 1.9 
131 <0.5 
18 0.8 
45 2.7 
53 0.5 
39 1.7 
162 <0.5 
27 <0.5 
201 <0.5 
172 <0.5 
18 2.1 
15 1 
18 1.6 
170 <0.5 
216 <0.5 
166 0.6 
198 <0.5 
174 0.6 
17 1.4 
21 1.2 
157 <0.5 
87 <0.5 
130 0.6 
  
Meth
Analy
Unit 
Detec
Sample Litho
D003 Seric
D004 Ore 
D004-2 Fe-Ch
D2001 Ore 
D2009 Ore 
D2010 Hema
D2014 Ore 
D2015 BIF 
D2016 Ore 
D2017 Hema
D2018 Chlor
D2019 BIF 
D2020 BIF 
D001 Seric
D001-2 Hema
S102 Fe-Ch
S104 Ore 
S105 Ore 
S106 BIF 
S107 Ore 
S3010 Ore 
S3010-2 Fe-Ch
S3011 BIF 
S3012 Ore 
S3014 Ore 
S3018 Ore 
MT2001 Seric
MT2003 BIF 
MT3002 Seric
MT3003 Seric
MT3004 BIF 
MT3007 Fe-Ch
MT3008 BIF 
MT-SCPR6 Hema
MT-CS1 Chlor
MT-CSS5 Seric
MT-CSPR5 Hema
MT-CS2 Seric
MT-LBIF8 BIF 
CHBIF10 Chert
D-CS4 Debri
S-CS9 Fe-Ch
S-SCS3 Seric
od LF200 
te Zr 
PPM 
tion Limit 0.1
logy 
ite/Paragonite 83.8
17.9
lorite 83
1.5
9
tite+Chlorite 57.9
3.3
3.3
3
tite+Chlorite 67.2
ite 61.1
2.8
2.8
ite/Paragonite 82.8
tite+Sericite 73.2
lorite 369.9
4.5
3.5
2.7
3.7
4
lorite 79.8
3.4
3.4
7.3
8.5
ite+Chlorite 59.3
2.4
ite+Chlorite 74
ite+Chlorite 72.2
4.3
lorite 224.9
7.2
tite+Sericite 62.3
ite 81.4
ite+Chlorite 119.5
tite+Sericite 74.7
ite+Chlorite 110.4
13
 246.7
s Flow 72
lorite 91.1
ite+Chlorite 74
LF200 LF200 L
Y La C
PPM PPM P
 0.1 0.1 
 10.3 6.5 
 81.7 6.6 
 39.2 7.5 
 8 2.8 
 7 3.2 
 19.5 9.2 
 10.6 2.5 
 9.4 5 
 12.5 3.5 
 30.6 15.7 
 11.6 6.9 
 12.1 8.1 
 3.7 2.4 
 10.6 7.3 
 9.5 5.5 
 40.8 24.2 
 9.5 5 
 53.8 10.2 
 7 2.9 
 14.3 6 
 16.2 5 
 49.7 14.8 
 5.5 2.5 
 9.1 2.2 
 12.6 3.4 
 17.6 5.8 
 7 5.2 
 4.6 5.1 
 7.6 5.7 
 7.2 5.2 
 8.5 4.6 
 18.7 11.3 
 7.7 5.2 
 12.2 8 
 8.7 2.4 
 16.9 11.3 
 12.6 7.1 
 12.3 19.9 
 14.1 10 
 17.6 14.7 
 14.4 29.7 
 25.3 4.1 
 12.3 8.1 
F200 LF200 LF200
e Pr Nd 
PM PPM PPM 
0.1 0.02 0.3
14.9 1.85 8.3
11.3 1.48 6.9
13.3 1.48 5.8
4.7 0.83 4.1
3.1 0.4 2
19.7 2.34 9.8
4.2 0.48 2.2
7.7 0.77 3
6.8 0.83 4.1
30.4 3.82 16.4
9.1 0.95 3.2
11.8 1.29 5.9
3.4 0.41 1.6
16.8 1.83 7.3
12 1.52 6.4
51 5.75 23.1
6.4 0.71 3.1
32.1 4.86 28.4
6 0.8 4.6
7 0.79 3.1
7.8 0.99 5.7
30.9 3.63 15
4.2 0.41 1.9
4 0.43 1.5
6.3 0.82 4.3
11.7 1.75 7.9
11.6 1.53 6.5
9.1 0.91 3.2
12.6 1.57 6.7
13.1 1.71 7.1
7.9 0.93 4
23.7 2.72 10.8
8.2 0.94 3.4
16.6 2.14 9.3
6.2 0.82 3.8
23.4 3.05 13.4
17.5 2.45 12.2
42.9 5.06 20.7
14.9 1.67 5.9
28.9 3.47 12.8
67.6 8.23 32.1
7 0.81 3.3
14.9 1.69 6.9
LF200 LF200 L
Sm Eu G
PPM PPM PP
 0.05 0.02 
 1.79 0.5 
 2.22 1.71 
 1.4 1.11 
 1.15 1.15 
 0.46 0.41 
 2.19 1.36 
 0.45 0.47 
 0.48 0.55 
 0.94 0.9 
 4.43 3.4 
 0.74 0.4 
 1.37 1.1 
 0.42 0.42 
 1.46 0.47 
 1.99 1.02 
 4.79 2.3 
 0.68 0.65 
 7.91 6.52 
 1.01 0.8 
 0.67 0.64 
 1.54 1.36 
 2.92 2.03 
 0.4 0.4 
 0.51 0.47 
 1.11 0.81 
 2.36 2.17 
 1.58 0.7 
 0.73 0.44 
 1.06 0.46 
 1.6 0.54 
 0.69 0.46 
 2.15 0.87 
 0.61 0.56 
 1.92 0.8 
 1.25 0.36 
 2.37 0.79 
 3.18 1.38 
 2.7 0.77 
 1.2 0.86 
 2.84 1 
 4.71 1.17 
 0.99 0.81 
 1.39 0.7 
F200 LF200 LF200
d Tb Dy 
M PPM PPM 
0.05 0.01 0.05
1.84 0.3 2.04
4.4 0.93 7.19
2.46 0.48 3.65
1.54 0.19 1.11
0.65 0.1 0.64
2.41 0.42 2.63
0.76 0.16 1.1
0.75 0.13 0.88
1.49 0.24 1.39
5.1 0.86 4.93
1.36 0.27 1.88
1.88 0.22 1.26
0.54 0.08 0.47
1.53 0.28 1.79
2.48 0.42 2.15
4.9 0.82 5.52
0.86 0.16 0.98
10.42 1.24 6.58
1.25 0.16 0.84
1.05 0.19 1.28
2 0.27 1.63
3.71 0.65 4.34
0.51 0.08 0.5
0.78 0.14 0.77
1.42 0.22 1.4
3.03 0.43 2.46
1.71 0.25 1.56
0.66 0.09 0.57
1.15 0.23 1.62
1.57 0.26 1.55
0.9 0.14 0.96
2.44 0.43 2.76
0.74 0.13 0.83
2.06 0.36 2.19
1.57 0.27 1.68
2.69 0.48 2.93
3.49 0.51 3.11
2.08 0.32 1.96
1.38 0.22 1.41
2.96 0.49 2.92
4.02 0.52 2.96
1.83 0.36 2.78
1.66 0.3 2.01
LF200 LF200 L
Ho Er T
PPM PPM P
 0.02 0.03 
 0.41 1.34 
 1.95 6.31 
 0.97 3.08 
 0.18 0.55 
 0.13 0.44 
 0.58 1.81 
 0.29 0.89 
 0.21 0.87 
 0.34 0.84 
 1.01 2.9 
 0.39 1.11 
 0.29 0.74 
 0.13 0.34 
 0.4 1.17 
 0.43 1.16 
 1.22 3.74 
 0.24 0.74 
 1.37 3.27 
 0.17 0.48 
 0.37 0.98 
 0.41 1.1 
 1.17 3.46 
 0.13 0.37 
 0.2 0.61 
 0.32 1.11 
 0.51 1.35 
 0.29 0.82 
 0.13 0.36 
 0.31 0.94 
 0.28 0.9 
 0.22 0.63 
 0.57 1.88 
 0.19 0.61 
 0.46 1.33 
 0.33 0.99 
 0.65 1.93 
 0.53 1.42 
 0.42 1.25 
 0.37 1.11 
 0.64 2.01 
 0.57 1.6 
 0.7 2.25 
 0.45 1.34 
F200 LF200 
m Yb 
PM PPM 
0.01 0.05 
0.2 1.34 
0.89 5.11 
0.44 2.82 
0.07 0.41 
0.06 0.4 
0.27 1.68 
0.13 0.79 
0.11 0.62 
0.13 0.83 
0.42 2.69 
0.17 1.09 
0.09 0.59 
0.04 0.3 
0.16 1.12 
0.16 1.06 
0.59 4.04 
0.1 0.66 
0.36 1.99 
0.06 0.4 
0.15 0.9 
0.13 0.82 
0.49 3.07 
0.06 0.34 
0.08 0.64 
0.15 0.91 
0.2 1.2 
0.13 0.84 
0.05 0.29 
0.17 1.09 
0.14 0.94 
0.1 0.65 
0.31 2.15 
0.09 0.57 
0.18 1.26 
0.18 1.18 
0.29 1.89 
0.2 1.3 
0.2 1.44 
0.15 1.1 
0.28 2.07 
0.21 1.41 
0.34 2.16 
0.18 1.44 
  
Meth
Analy
Unit 
Detec
 
Sample Litho
D003 Seric
D004 Ore 
D004-2 Fe-Ch
D2001 Ore 
D2009 Ore 
D2010 Hema
D2014 Ore 
D2015 BIF 
D2016 Ore 
D2017 Hema
D2018 Chlor
D2019 BIF 
D2020 BIF 
D001 Seric
D001-2 Hema
S102 Fe-Ch
S104 Ore 
S105 Ore 
S106 BIF 
S107 Ore 
S3010 Ore 
S3010-2 Fe-Ch
S3011 BIF 
S3012 Ore 
S3014 Ore 
S3018 Ore 
MT2001 Seric
MT2003 BIF 
MT3002 Seric
MT3003 Seric
MT3004 BIF 
MT3007 Fe-Ch
MT3008 BIF 
MT-SCPR6 Hema
MT-CS1 Chlor
MT-CSS5 Seric
MT-CSPR5 Hema
MT-CS2 Seric
MT-LBIF8 BIF 
CHBIF10 Chert
D-CS4 Debri
S-CS9 Fe-Ch
S-SCS3 Seric
od 
  
LF200 
te  Lu 
 PPM 
tion Limit 0.01 
logy 
ite/Paragonite 0.23 
0.78 
lorite 0.41 
0.05 
0.06 
tite+Chlorite 0.28 
0.11 
0.11 
0.11 
tite+Chlorite 0.41 
ite 0.17 
0.09 
0.04 
ite/Paragonite 0.17 
tite+Sericite 0.17 
lorite 0.63 
0.1 
0.24 
0.05 
0.12 
0.13 
lorite 0.46 
0.06 
0.08 
0.13 
0.2 
ite+Chlorite 0.14 
0.05 
ite+Chlorite 0.17 
ite+Chlorite 0.13 
0.1 
lorite 0.35 
0.09 
tite+Sericite 0.2 
ite 0.21 
ite+Chlorite 0.32 
tite+Sericite 0.21 
ite+Chlorite 0.23 
0.16 
 0.34 
s Flow 0.21 
lorite 0.33 
ite+Chlorite 0.19 
TC000 TC000 AQ
TOT/C TOT/S M
% % PP
0.02 0.02 
0.05 <0.02 
0.04 <0.02 
<0.02 <0.02 
0.02 <0.02 
<0.02 <0.02 
<0.02 <0.02 
<0.02 <0.02 
<0.02 <0.02 
0.04 <0.02 
0.02 <0.02 
<0.02 <0.02 
<0.02 <0.02 
0.03 <0.02 
<0.02 <0.02 
0.02 <0.02 
0.04 <0.02 
0.02 <0.02 
<0.02 <0.02 
<0.02 <0.02 
<0.02 <0.02 
<0.02 <0.02 
<0.02 <0.02 
<0.02 <0.02 
<0.02 <0.02 
<0.02 <0.02 
<0.02 <0.02 
0.16 <0.02 
0.06 <0.02 
<0.02 <0.02 
0.08 <0.02 
<0.02 <0.02 
0.03 <0.02 
<0.02 <0.02 
<0.02 <0.02 
<0.02 <0.02 
<0.02 <0.02 <0
0.04 <0.02 
<0.02 <0.02 <0
<0.02 <0.02 <0
0.02 <0.02 <0
0.25 0.63 
<0.02 <0.02 <0
<0.02 <0.02 <0
200 AQ200 AQ200
o Cu Pb 
M PPM PPM 
0.1 0.1 0.
0.3 7.5 0.
0.5 2.3 2.
0.2 0.3 0.
2.1 1.9 0.
1.1 6.1 1.
0.6 0.8 1.
0.6 2.7 0.
2 3.1 0.
1.5 166.3 0.
0.1 3.3 7.
0.3 2.3 0.
0.9 13.9 0.
2.1 8.6 0.
1.3 6.9 0.
0.9 49.3 2.
0.1 1.2 2.
1.2 8.5 0.
1 11.5 1.
1.4 10 0.
1.4 13.9 0.
1.1 1.8 1.
1.2 2.4 0.
1.9 3.8 0.
1.1 2.5 0.
1.5 2.3 0.
1 7.8 0.
0.6 3.3 0.
3 8.2 0.
0.2 1.1 0.
0.5 5.3 0.
1.3 2.1 0.
0.3 0.5 0.
3.1 2.3 0.
0.4 11.8 10.
0.1 3.2 1.
.1 1.2 0.
0.1 3.6 
.1 2.1 
.1 2.3 1.
.1 0.7 
0.2 6224.8 
.1 24.2 0.
.1 21.5 2.
 AQ200 AQ200 
Zn Ni 
PPM PPM 
1 1 0.1 
7 29 89.1 
2 17 48.4 
6 144 75.3 
9 3 18.6 
2 6 21.4 
1 126 79 
4 4 4.7 
5 4 4.1 
8 5 14.4 
1 154 146.4 
3 108 40.3 
7 14 45.7 
7 13 7.1 
1 24 57.5 
3 20 53.5 
5 156 158.7 
7 2 10 
2 6 24.4 
5 9 26.9 
7 3 10.4 
2 16 37.1 
3 159 89.6 
6 8 3.6 
9 6 11.6 
8 22 29.8 
9 5 41.5 
9 51 358.2 
8 8 13.5 
9 38 31.1 
4 77 194.3 
5 7 3.2 
9 143 43 
5 10 5.6 
5 38 91.1 
5 132 137.3 
8 32 46.1 
6 54 153 
2 42 31.3 
6 12 15.1 
2 94 29.8 
1 98 220.7 
8 152 116.6 
7 51 48.9 
AQ200 AQ200 AQ
As Cd Sb
PPM PPM PPM
0.5 0.1 
<0.5 <0.1 <0.
5.5 <0.1 
0.6 <0.1 <0.
1.6 <0.1 
2 <0.1 
0.9 <0.1 
1.1 <0.1 
1.3 <0.1 
2.1 <0.1 
2.5 <0.1 
<0.5 <0.1 <0.
1.5 <0.1 
2.8 <0.1 
<0.5 <0.1 <0.
13.8 <0.1 
<0.5 <0.1 <0.
2.6 <0.1 
6.9 <0.1 
2.7 <0.1 
2.6 <0.1 
4.4 <0.1 
<0.5 <0.1 <0.
2 <0.1 
1.4 <0.1 
2.3 <0.1 
4.7 <0.1 
0.8 <0.1 
1.8 <0.1 
<0.5 <0.1 <0.
<0.5 <0.1 <0.
1.5 <0.1 
<0.5 <0.1 <0.
1.4 <0.1 
3.7 <0.1 
0.6 <0.1 <0.
<0.5 <0.1 <0.
0.5 <0.1 
<0.5 <0.1 <0.
1.1 <0.1 
<0.5 <0.1 <0.
<0.5 <0.1 <0.
<0.5 <0.1 <0.
<0.5 <0.1 <0.
200 AQ200 AQ200
Bi Ag 
 PPM PPM 
0.1 0.1 0.
.1 <0.1 <0.1 
0.6 <0.1 <0.1 
.1 <0.1 <0.1 
0.3 <0.1 <0.1 
0.5 <0.1 <0.1 
0.1 <0.1 <0.1 
0.5 <0.1 <0.1 
0.3 <0.1 <0.1 
0.6 <0.1 <0.1 
0.4 <0.1 <0.1 
.1 <0.1 <0.1 
0.3 <0.1 <0.1 
0.5 <0.1 <0.1 
.1 <0.1 <0.1 
0.1 <0.1 <0.1 
.1 <0.1 <0.1 
0.4 <0.1 0.
0.5 <0.1 <0.1 
0.4 <0.1 <0.1 
0.7 <0.1 <0.1 
0.6 <0.1 <0.1 
.1 <0.1 <0.1 
0.4 <0.1 <0.1 
0.4 <0.1 <0.1 
0.2 <0.1 <0.1 
0.7 <0.1 0.4
0.1 <0.1 <0.1 
0.3 <0.1 <0.1 
.1 <0.1 <0.1 
.1 <0.1 <0.1 
0.2 <0.1 <0.1 
.1 <0.1 <0.1 
0.1 <0.1 <0.1 
0.5 <0.1 <0.1 
.1 <0.1 <0.1 
.1 <0.1 <0.1 
0.1 <0.1 <0.1 
.1 <0.1 <0.1 
0.2 <0.1 <0.1 
.1 <0.1 <0.1 
.1 <0.1 1.
.1 <0.1 0.
.1 <0.1 <0.1 
AQ200 AQ200 
Au Hg 
PPB PPM 
1 0.5 0.01 
<0.5 <0.01 
1.4 <0.01 
1.3 <0.01 
1.4 <0.01 
2.5 <0.01 
<0.5 <0.01 
<0.5 <0.01 
0.7 <0.01 
1.9 <0.01 
2.1 <0.01 
1.5 <0.01 
<0.5 <0.01 
1.8 <0.01 
<0.5 <0.01 
0.5 <0.01 
<0.5 <0.01 
1 7.3 <0.01 
0.8 0.01 
<0.5 <0.01 
1.7 <0.01 
0.7 <0.01 
<0.5 <0.01 
1.1 <0.01 
0.5 <0.01 
1 <0.01 
 98.9 <0.01 
1.9 <0.01 
2.2 <0.01 
<0.5 <0.01 
<0.5 <0.01 
<0.5 <0.01 
7.3 <0.01 
1.4 <0.01 
0.6 <0.01 
<0.5 <0.01 
0.6 <0.01 
0.7 <0.01 
<0.5 <0.01 
<0.5 <0.01 
<0.5 <0.01 
8 1.3 0.09 
1 <0.5 <0.01 
<0.5 <0.01 
AQ200 AQ200 
Tl Se 
PPM PPM 
0.1 0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 <0.5 
<0.1 3.5 
<0.1 <0.5 
<0.1 <0.5 
 i-C 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX C 
RESULTS OF ISOCON ANALYSES 
 
  
 ii-C 
 
  
Sericite +/-
Paragonite 
(D001 & 
D003) 
Secondary 
Sericite (MT-
2001, 3002, 
3003, CSS5, S-
SCS3, CS2) 
slope scale 
Scaled Data 
(D001 & 
D003) 
Scaled 
Data (MT-
2001) 
  
% Change 
Al2O3, TiO2, 
Hf, Zr Isocon 
% Change 
Constant 
Mass 
% Change 
Constant 
Volume 
SiO2% 65.6 54.4 0.83 0.4 26.24 21.76 Constant Al, Ti Hf, Zr -22.6 -17.07 -12.71 
Al2O3% 17.22 18.71 1.09 1 17.22 18.71 1.07 1.4 8.64 14.36 
Fe2O3% 8.4 11.47 1.37 1 8.4 11.47 Constant Mass Isocon 27.54 36.65 43.84 
MgO% 0.98 4.16 4.26 1 0.98 4.16 1 298.07 326.5 348.94 
CaO% 0.07 0.1 1.56 40 2.6 4.07 
Constant 
Volume 
Isocon 
45.98 56.41 64.64 
Na2O% 1.18 0.05 0.04 10 11.75 0.52 0.95 -95.9 -95.6 -95.37 
K2O% 2.35 5.32 2.27 4 9.38 21.27 111.68 126.79 138.73 
TiO2% 0.74 0.8 1.07 10 7.4 7.95 0.27 7.43 13.09 
P2O5% 0.02 0.05 2.95 40 0.7 2.07 175.56 195.24 210.78 
MnO% 0.04 0.05 1.43 1 0.04 0.05 33.34 42.86 50.38 
Cr2O3% 0.02 0.03 1.45 1 0.02 0.03 35.7 45.39 53.04 
Sc_PPM 22.5 30 1.33 1 22.5 30 24.45 33.33 40.35 
LOI% 3.35 4.68 1.4 1 3.35 4.68 30.48 39.8 47.16 
Ba 132 433.83 3.29 0.1 13.2 43.38 206.76 228.66 245.96 
Be 0.5 1.17 2.33 1 0.5 1.17 117.78 133.33 145.61 
Co 17.95 20.12 1.12 1 17.95 20.12 4.6 12.07 17.97 
Cs 4.3 7.9 1.84 2 8.6 15.8 71.48 83.72 93.39 
Ga 12.4 15.88 1.28 1 12.4 15.88 19.55 28.09 34.83 
Hf 2.05 2.27 1.11 2 4.1 4.53 3.2 10.57 16.39 
Nb 4.1 3.67 0.89 6 24.6 22 -16.53 -10.57 -5.86 
Rb 71.45 234.6 3.28 0.1 7.15 23.46 206.46 228.34 245.62 
Sn 0.5 0.5 1 1 0.5 0.5 -6.67 0 5.26 
Sr 71 13.4 0.19 1 71 13.4 -82.38 -81.13 -80.13 
Ta 0.3 0.27 0.89 1 0.3 0.27 -17.04 -11.11 -6.43 
Th 0.8 0.7 0.88 1 0.8 0.7 -18.33 -12.5 -7.89 
U 0.2 0.1 0.5 1 0.2 0.1 -53.33 -50 -47.37 
V 97.5 167.5 1.72 0.1 9.75 16.75 60.34 71.79 80.84 
W 0.48 0.43 0.89 1 0.48 0.43 -16.49 -10.53 -5.82 
Zr 83.3 84.9 1.02 0.4 33.32 33.96 -4.87 1.92 7.29 
Y 10.45 10.55 1.01 2 20.9 21.1 -5.77 0.96 6.27 
La 6.9 9.23 1.34 1 6.9 9.23 24.9 33.82 40.86 
Ce 15.85 19.75 1.25 1 15.85 19.75 16.3 24.61 31.16 
Pr 1.84 2.44 1.32 2 3.68 4.87 23.52 32.34 39.3 
Nd 7.8 10.22 1.31 2 15.6 20.43 22.25 30.98 37.88 
Sm 1.63 1.78 1.1 6 9.75 10.7 2.43 9.74 15.52 
Eu 0.49 0.66 1.36 12 5.82 7.92 27.01 36.08 43.24 
Gd 1.69 1.81 1.07 6 10.11 10.86 0.26 7.42 13.07 
Tb 0.29 0.31 1.06 10 2.9 3.07 -1.3 5.75 11.31 
Dy 1.92 1.94 1.01 6 11.49 11.63 -5.53 1.22 6.55 
Ho 0.41 0.4 0.99 12 4.86 4.8 -7.82 -1.23 3.96 
Er 1.26 1.2 0.95 6 7.53 7.18 -11 -4.65 0.37 
Tm 0.18 0.19 1.03 10 1.8 1.85 -4.07 2.78 8.19 
Yb 1.23 1.27 1.04 2 2.46 2.55 -3.38 3.52 8.97 
Lu 0.2 0.2 0.98 16 3.2 3.15 -8.22 -1.67 3.51 
Mo 0.8 0.24 0.3 1 0.8 0.24 -71.81 -69.79 -68.2 
Cu 7.2 5.75 0.8 4 28.8 23 -25.46 -20.14 -15.94 
Pb 0.4 1.28 3.21 1 0.4 1.28 199.45 220.83 237.72 
Zn 26.5 48.5 1.83 0.2 5.3 9.7 70.82 83.02 92.65 
Ni 73.3 118.32 1.61 0.06 4.4 7.1 50.66 61.41 69.91 
As 0.25 0.34 1.37 1 0.25 0.34 27.56 36.67 43.86 
Au 0.25 0.58 2.33 1 0.25 0.58 117.78 133.33 145.61 
Se 0.25 0.25 1 1 0.25 0.25   -6.67 0 5.26 
 
 
 
 iii-C 
 
  
Mg-
Chlorite 
(MT-CS1) 
Secondary 
Sericite (MT-
2001, 3002, 3003, 
CSS5, S-SCS3, 
CS2) 
slope scale 
Scaled 
Data 
(MT-
CS1) 
Scaled 
Data 
(MT-
2001) 
  
% 
Change 
Al2O3, 
Hf, Zr 
Isocon 
% Change 
Constant 
Mass 
% 
Change 
Constant 
Volume 
SiO2% 41.69 54.4 1.3 0.6 25.01 32.64 Al2O3, Hf, Zr Isocon 20.14 30.48 37.35 
Al2O3% 16.47 18.71 1.14 1 16.47 18.71 1.0861 4.59 13.59 19.57 
Fe2O3% 21.79 11.47 0.53 1 21.79 11.47 
Constant 
Mass 
Isocon 
-51.53 -47.35 -44.58 
MgO% 10.55 4.16 0.39 1 10.55 4.16 1 -63.71 -60.58 -58.51 
CaO% 0.2 0.1 0.51 40 8 4.07 Constant Volume -53.2 -49.17 -46.49 
Na2O% 0.01 0.05 5.17 1 0.01 0.05 0.95 375.71 416.67 443.86 
K2O% 0.06 5.32 88.6 4 0.24 21.27   8061.29 8763.89 9230.41 
TiO2% 1.11 0.8 0.72 10 11.1 7.95   -34.06 -28.38 -24.61 
P2O5% 0.13 0.05 0.4 40 5.2 2.07   -63.41 -60.26 -58.16 
MnO% 0.14 0.05 0.36 1 0.14 0.05   -67.12 -64.29 -62.41 
Cr2O3% 0.03 0.03 1.27 1 0.03 0.03   16.51 26.54 33.2 
Sc_PPM 26 30 1.15 1 26 30   6.24 15.38 21.46 
LOI% 7.6 4.68 0.62 1 7.6 4.68   -43.26 -38.38 -35.13 
Ba 17 433.83 25.5 0.1 1.7 43.38   2249.68 2451.96 2586.27 
Be 0.5 1.17 2.33 1 0.5 1.17   114.84 133.33 145.61 
Co 41.1 20.12 0.49 1 41.1 20.12   -54.93 -51.05 -48.48 
Cs 0.4 7.9 19.8 2 0.8 15.8   1718.45 1875 1978.95 
Ga 16.5 15.88 0.96 1 16.5 15.88   -11.37 -3.74 1.33 
Hf 2.1 2.27 1.08 6 12.6 13.6   -0.62 7.94 13.62 
Nb 3.9 3.67 0.94 6 23.4 22   -13.44 -5.98 -1.03 
Rb 2.9 234.6 80.9 0.1 0.29 23.46   7348.43 7989.66 8415.43 
Sn 0.5 0.5 1 1 0.5 0.5   -7.93 0 5.26 
Sr 4.1 13.4 3.27 1 4.1 13.4   200.92 226.83 244.03 
Ta 0.2 0.27 1.33 1 0.2 0.27   22.76 33.33 40.35 
Th 0.4 0.7 1.75 1 0.4 0.7   61.13 75 84.21 
U 0.1 0.1 1 1 0.1 0.1   -7.93 0 5.26 
V 216 167.5 0.78 0.1 21.6 16.75   -28.6 -22.45 -18.37 
W 0.25 0.43 1.7 1 0.25 0.43   56.52 70 78.95 
Zr 81.4 84.9 1.04 0.4 32.56 33.96   -3.97 4.3 9.79 
Y 8.7 10.55 1.21 1 8.7 10.55   11.65 21.26 27.65 
La 2.4 9.23 3.85 2 4.8 18.47   254.23 284.72 304.97 
Ce 6.2 19.75 3.19 2 12.4 39.5   193.3 218.55 235.31 
Pr 0.82 2.44 2.97 2 1.64 4.87   173.41 196.95 212.58 
Nd 3.8 10.22 2.69 2 7.6 20.43   147.55 168.86 183.01 
Sm 1.25 1.78 1.43 6 7.5 10.7   31.36 42.67 50.18 
Eu 0.36 0.66 1.83 2 0.72 1.32   68.8 83.33 92.98 
Gd 1.57 1.81 1.15 6 9.42 10.86   6.15 15.29 21.35 
Tb 0.27 0.31 1.14 10 2.7 3.07   4.58 13.58 19.56 
Dy 1.68 1.94 1.15 4 6.72 7.75   6.23 15.38 21.45 
Ho 0.33 0.4 1.21 12 3.96 4.8   11.6 21.21 27.59 
Er 0.99 1.2 1.21 8 7.92 9.57   11.29 20.88 27.24 
Tm 0.18 0.19 1.03 10 1.8 1.85   -5.37 2.78 8.19 
Yb 1.18 1.27 1.08 2 2.36 2.55   -0.64 7.91 13.59 
Lu 0.21 0.2 0.94 16 3.36 3.15   -13.77 -6.35 -1.42 
Mo 0.1 0.24 2.42 1 0.1 0.24   122.51 141.67 154.39 
Cu 3.2 5.75 1.8 4 12.8 23   65.44 79.69 89.14 
Pb 1.5 1.28 0.86 1 1.5 1.28   -21.23 -14.44 -9.94 
Zn 132 48.5 0.37 0.2 26.4 9.7   -66.17 -63.26 -61.32 
Ni 137.3 118.32 0.86 0.1 13.73 11.83   -20.66 -13.83 -9.29 
As 0.6 0.34 0.57 1 0.6 0.34   -47.57 -43.06 -40.06 
Au 0.25 0.58 2.33 1 0.25 0.58   114.84 133.33 145.61 
Se 0.25 0.25 1 1 0.25 0.25   -7.93 0 5.26 
 
 
 iv-C 
 
  
Sericite (MT-
2001, 3002, 
3003, CS2, 
CSS5, S-
SCS3) 
Fe-Chlorite 
(SCS-9, 
S3010-2, & 
D004-2) 
slope scale 
Scaled 
Data 
(MT-
CSS5 & 
MT-CS2) 
Scaled 
Data 
(SCS-9, 
S3010-2, 
& D004-2) 
  
% 
Change 
Al, Ti 
Isocon 
% 
Change 
Constant 
Hf, Zr 
% 
Change 
Constant 
Mass 
% 
Change 
Constant 
Volume 
SiO2% 54.4 29.75 0.55 0.5 27.2 14.88 
Constant 
Al2O3, 
TiO2 
-51.24 -44.81 -45.3 -42.39 
Al2O3% 18.71 20.64 1.1 1 18.71 20.64 1.12 -1.66 11.32 10.33 16.2 
Fe2O3% 11.47 28.36 2.47 1 11.47 28.36 
Constant 
Mass 
Isocon 
120.39 149.47 147.25 160.41 
MgO% 4.16 10.06 2.42 1.6 6.65 16.1 1 115.72 144.18 142 154.89 
CaO% 0.1 0.08 0.79 1 0.1 0.08 
Constant 
Volume 
Isocon 
-29.86 -20.6 -21.31 -17.12 
Na2O% 0.05 0.05 0.9 1 0.05 0.05 0.95 -19.49 -8.86 -9.68 -4.87 
K2O% 5.32 1.41 0.27 4 21.27 5.65 Constant Hf, Zr -76.31 -73.19 -73.43 -72.01 
TiO2% 0.8 0.91 1.14 1 0.8 0.91 0.99 1.66 15.07 14.05 20.12 
P2O5% 0.05 0.01 0.1 1 0.05 0.01   -91.37 -90.24 -90.32 -89.81 
MnO% 0.05 0.19 3.8 1 0.05 0.19   238.72 283.42 280 300.23 
Cr2O3% 0.03 0.02 0.72 1 0.03 0.02   -35.65 -27.15 -27.8 -23.96 
Sc_PPM 30 28 0.93 1 30 28   -16.8 -5.83 -6.67 -1.7 
LOI% 4.68 8.27 1.77 1 4.68 8.27   57.34 78.1 76.51 85.91 
Ba 433.83 149 0.34 1 433.83 149   -69.39 -65.35 -65.66 -63.83 
Be 1.17 3.33 2.86 1 1.17 3.33   154.68 188.29 185.71 200.92 
Co 20.12 43.97 2.19 1 20.12 43.97   94.82 120.53 118.56 130.19 
Cs 7.9 4.37 0.55 1 7.9 4.37   -50.73 -44.23 -44.73 -41.78 
Ga 15.88 13.03 0.82 1 15.88 13.03   -26.86 -17.2 -17.94 -13.58 
Hf 2.27 2.23 0.99 6 13.6 13.4   -12.17 -0.58 -1.47 3.77 
Nb 3.67 3.93 1.07 4 14.67 15.73   -4.38 8.24 7.27 12.98 
Rb 234.6 55.93 0.24 1 234.6 55.93   -78.75 -75.94 -76.16 -74.89 
Sn 0.5 0.67 1.33 1 0.5 0.67   18.85 34.53 33.33 40.43 
Sr 13.4 22.03 1.64 1 13.4 22.03   46.57 65.91 64.43 73.18 
Ta 0.27 0.27 1 1 0.27 0.27   -10.86 0.9 0 5.32 
Th 0.7 0.73 1.05 1 0.7 0.73   -6.62 5.71 4.76 10.34 
U 0.1 0.33 3.33 1 0.1 0.33   197.13 236.33 233.33 251.08 
V 167.5 102.33 0.61 1 167.5 102.33   -45.54 -38.36 -38.91 -35.65 
W 0.43 0.33 0.78 1 0.43 0.33   -30.09 -20.86 -21.57 -17.39 
Zr 84.9 84.63 1 0.1 8.49 8.46   -11.14 0.58 -0.31 4.99 
Y 10.55 38.07 3.61 0.5 5.28 19.03   221.63 264.07 260.82 280.03 
La 9.23 8.8 0.95 1 9.23 8.8   -15.05 -3.84 -4.69 0.38 
Ce 19.75 17.07 0.86 1 19.75 17.07   -22.97 -12.81 -13.59 -8.99 
Pr 2.44 1.97 0.81 1 2.44 1.97   -27.76 -18.23 -18.96 -14.65 
Nd 10.22 8.03 0.79 0.5 5.11 4.02   -29.91 -20.66 -21.37 -17.18 
Sm 1.78 1.77 0.99 1 1.78 1.77   -11.53 0.15 -0.75 4.54 
Eu 0.66 1.32 1.99 10 6.6 13.17   77.83 101.29 99.49 110.11 
Gd 1.81 2.67 1.47 6 10.86 16   31.33 48.66 47.33 55.17 
Tb 0.31 0.5 1.62 20 6.13 9.93   44.36 63.41 61.96 70.58 
Dy 1.94 3.59 1.85 1 1.94 3.59   65.09 86.88 85.21 95.07 
Ho 0.4 0.95 2.37 2 0.8 1.89   110.96 138.8 136.67 149.26 
Er 1.2 2.93 2.45 2 2.39 5.86   118.25 147.05 144.85 157.88 
Tm 0.19 0.42 2.29 20 3.7 8.47   103.97 130.89 128.83 141.01 
Yb 1.27 2.68 2.11 8 10.19 21.47   87.84 112.63 110.73 121.95 
Lu 0.2 0.4 2.03 16 3.15 6.4   81.3 105.22 103.39 114.22 
Mo 0.24 0.48 2 1 0.24 0.48   78.28 101.8 100 110.65 
Cu 5.75 8.97 1.56 1 5.75 8.97   39 57.35 55.94 64.24 
Pb 1.28 0.57 0.44 1 1.28 0.57   -60.64 -55.45 -55.84 -53.49 
Zn 48.5 151.67 3.13 1 48.5 151.67   178.75 215.53 212.71 229.36 
Ni 118.32 93.83 0.79 1 118.32 93.83   -29.31 -19.98 -20.69 -16.47 
As 0.34 0.37 1.07 1 0.34 0.37   -4.34 8.28 7.32 13.03 
Au 0.58 0.6 1.03 1 0.58 0.6   -8.32 3.78 2.86 8.33 
Se 0.25 0.25 1 1 0.25 0.25   -10.86 0.9 0 5.32 
 
 v-C 
 
  Primary Sericite (D003) 
Hematitte Alt. 
(MT-SCPR6) slope scale   
% Change 
Al2O3, TiO2, 
Zr Isocon 
% Change 
Constant Mass 
SiO2% 60.26 39.84 0.66 0.6 Al2O3, TiO2, Zr Isocon -10.72 -33.89 
Al2O3% 19.21 14.55 0.76 2 0.74 2.28 -24.26 
Fe2O3% 9.91 36.42 3.68 0.6 Constant Mass Isocon 396.27 267.51 
MgO% 1.5 1.84 1.23 10 1 65.65 22.67 
CaO% 0.06 0.07 1.17 1   57.54 16.67 
Na2O% 1.17 0.15 0.13 10   -82.69 -87.18 
K2O% 2.91 1.71 0.59 6   -20.65 -41.24 
TiO2% 0.83 0.62 0.75 12   0.87 -25.3 
P2O5% 0.005 0.02 4 1   440.15 300 
MnO% 0.05 0.08 1.6 1   116.06 60 
Cr2O3% 0.02 0.02 1 1   35.04 0 
Sc_PPM 28 29 1.04 0.8   39.86 3.57 
LOI% 4 4.6 1.15 1   55.29 15 
Ba 159 139 0.87 0.2   18.05 -12.58 
Be 0.5 6 12 1   1520.46 1100 
Co 16.8 16 0.95 1   28.61 -4.76 
Cs 5.2 6.2 1.19 4   61.01 19.23 
Ga 13.1 12.3 0.94 1   26.79 -6.11 
Hf 2.1 1.5 0.71 6   -3.54 -28.57 
Nb 3.6 2.9 0.81 4   8.78 -19.44 
Rb 93.2 62.7 0.67 0.4   -9.15 -32.73 
Sn 0.5 0.5 1 1   35.04 0 
Sr 29.2 29.3 1 0.8   35.5 0.34 
Ta 0.3 0.2 0.67 1   -9.97 -33.33 
Th 0.9 0.6 0.67 1   -9.97 -33.33 
U 0.3 0.2 0.67 1   -9.97 -33.33 
V 90 170 1.89 0.2   155.07 88.89 
W 0.25 0.25 1 1   35.04 0 
Zr 83.8 62.3 0.74 0.6   0.39 -25.66 
Y 10.3 12.2 1.18 1   59.95 18.45 
La 6.5 8 1.23 2   66.2 23.08 
Ce 14.9 16.6 1.11 1   50.45 11.41 
Pr 1.85 2.14 1.16 10   56.21 15.68 
Nd 8.3 9.3 1.12 2   51.31 12.05 
Sm 1.79 1.92 1.07 10   44.85 7.26 
Eu 0.5 0.8 1.6 20   116.06 60 
Gd 1.84 2.06 1.12 10   51.18 11.96 
Tb 0.3 0.36 1.2 20   62.05 20 
Dy 2.04 2.19 1.07 10   44.97 7.35 
Ho 0.41 0.46 1.12 20   51.51 12.2 
Er 1.34 1.33 0.99 10   34.03 -0.75 
Tm 0.2 0.18 0.9 20   21.53 -10 
Yb 1.34 1.26 0.94 10   26.98 -5.97 
Lu 0.23 0.2 0.87 20   17.42 -13.04 
Mo 0.3 0.4 1.33 10   80.05 33.33 
Cu 7.5 11.8 1.57 1   112.46 57.33 
Pb 0.7 10.5 15 10   1925.57 1400 
Zn 29 38 1.31 0.8   76.95 31.03 
Ni 89.1 91.1 1.02 0.4   38.07 2.24 
As 0.25 3.7 14.8 1   1898.56 1380 
Au 0.25 0.6 2.4 1   224.09 140 
Se 0.25 0.25 1 1   35.04 0 
 
 
 
 vi-C 
 
  
Jasper/Hematite 
BIF (D2009 & 
S106) 
Ore 
Breccia 
(D2001 & 
D2014) 
slope scale 
Scaled Data 
(D2009 & 
S106) 
Scaled Data 
(D2001 & 
D2014) 
  
% 
Change 
V-HREE 
Isocon 
% Change 
Constant 
Mass 
% Change 
Constant 
Volume 
SiO2% 28.65 0.58 0.02 1 28.65 0.58 V-HREE Isocon -98.16 -97.98 -96.96 
Al2O3% 0.91 0.23 0.25 40 36.4 9.2 1.1 -77.07 -74.73 -62.09 
Fe2O3% 68.6 98.37 1.43 0.4 27.44 39.35 Constant Mass Isocon 30.07 43.4 115.09 
MgO% 0.35 0.02 0.04 40 13.8 0.6 1 -96.06 -95.65 -93.48 
CaO% 0.52 0.27 0.51 60 31.2 15.9 
Constant 
Volume 
Isocon 
-53.78 -49.04 -23.56 
Na2O% 0.03 0.01 0.4 1 0.03 0.01 0.67 -63.72 -60 -40 
K2O% 0.02 0.01 0.5 1 0.02 0.01   -54.65 -50 -25 
TiO2% 0.01 0.01 0.4 1 0.01 0.01   -63.72 -60 -40 
P2O5% 0.33 0.18 0.54 60 19.8 10.65   -51.21 -46.21 -19.32 
MnO% 0.02 0.02 0.75 1 0.02 0.02   -31.97 -25 12.5 
Cr2O3% 0.01 0 0.75 1 0.01 0   -31.97 -25 12.5 
Ni_PPM 56 42.5 0.76 1 56 42.5   -31.16 -24.11 13.84 
Sc_PPM 1.5 0.75 0.5 1 1.5 0.75   -54.65 -50 -25 
LOI% 0.55 0.3 0.55 1 0.55 0.3   -50.53 -45.45 -18.18 
Ba 7 6 0.86 1 7 6   -22.25 -14.29 28.57 
Be 0.75 0.5 0.67 1 0.75 0.5   -39.53 -33.33 0 
Co 5.75 1.2 0.21 1 5.75 1.2   -81.07 -79.13 -68.7 
Cs 0.05 0.13 2.5 1 0.05 0.13   126.76 150 275 
Ga 1 0.98 0.98 1 1 0.98   -11.56 -2.5 46.25 
Hf 0.05 0.05 1 1 0.05 0.05   -9.3 0 50 
Nb 0.13 0.35 2.8 1 0.13 0.35   153.97 180 320 
Rb 0.38 0.08 0.2 1 0.38 0.08   -81.86 -80 -70 
Sn 0.5 0.5 1 1 0.5 0.5   -9.3 0 50 
Sr 14.45 4.4 0.3 1 14.45 4.4   -72.38 -69.55 -54.33 
Ta 0.05 0.08 1.5 1 0.05 0.08   36.06 50 125 
Th 0.1 0.1 1 1 0.1 0.1   -9.3 0 50 
U 0.25 0.05 0.2 1 0.25 0.05   -81.86 -80 -70 
V 29.5 32 1.08 1 29.5 32   -1.61 8.47 62.71 
W 2.5 2.35 0.94 1 2.5 2.35   -14.74 -6 41 
Zr 2.75 2.4 0.87 1 2.75 2.4   -20.84 -12.73 30.91 
Y 9.55 9.3 0.97 2 19.1 18.6   -11.67 -2.62 46.07 
La 5.5 2.65 0.48 4 22 10.6   -56.3 -51.82 -27.73 
Ce 8.9 4.45 0.5 1 8.9 4.45   -54.65 -50 -25 
Pr 1.05 0.66 0.63 6 6.27 3.93   -43.15 -37.32 -5.98 
Nd 5.25 3.15 0.6 2 10.5 6.3   -45.58 -40 -10 
Sm 1.19 0.8 0.67 4 4.76 3.2   -39.02 -32.77 0.84 
Eu 0.95 0.81 0.85 16 15.2 12.96   -22.66 -14.74 27.89 
Gd 1.57 1.15 0.73 10 15.65 11.5   -33.35 -26.52 10.22 
Tb 0.19 0.18 0.92 1 0.19 0.18   -16.46 -7.89 38.16 
Dy 1.05 1.11 1.05 20 21 22.1   -4.54 5.24 57.86 
Ho 0.23 0.24 1.02 16 3.68 3.76   -7.32 2.17 53.26 
Er 0.61 0.72 1.18 10 6.1 7.2   7.06 18.03 77.05 
Tm 0.08 0.1 1.33 12 0.9 1.2   20.94 33.33 100 
Yb 0.5 0.6 1.21 10 4.95 6   9.94 21.21 81.82 
Lu 0.07 0.08 1.14 20 1.4 1.6   3.66 14.29 71.43 
Mo 1.15 1.35 1.17 1 1.15 1.35   6.48 17.39 76.09 
Cu 11.95 2.3 0.19 2 23.9 4.6   -82.54 -80.75 -71.13 
Pb 0.6 0.65 1.08 1 0.6 0.65   -1.74 8.33 62.5 
Zn 11.5 3.5 0.3 2 23 7   -72.39 -69.57 -54.35 
Ni 36.3 11.65 0.32 1 36.3 11.65   -70.89 -67.91 -51.86 
As 2.1 1.35 0.64 1 2.1 1.35   -41.69 -35.71 -3.57 
Sb 0.35 0.4 1.14 1 0.35 0.4   3.66 14.29 71.43 
Au 0.25 0.83 3.3 1 0.25 0.83   199.32 230 395 
Se 0.25 0.25 1 1 0.25 0.25   -9.3 0 50 
 
 vii-C 
 
 
  
Hematite Ore 
Breccia 
(D2001 & 
D2014) 
Ore Breccia +  
Chlorite 
(S3014, S3010, 
& D004) 
slope scale 
Scaled Data 
(D2001 & 
D2014) 
Scaled Data 
(S3014, S3010, 
& D004) 
  
% Change 
Constant 
Mass 
% Change 
Constant 
Volume 
SiO2% 0.58 2.2567 3.89 4 2.32 9.03   289.08 271.39 
Al2O3% 0.23 1.69 7.35 10 2.3 16.9   634.78 601.38 
Fe2O3% 98.37 93.0867 0.95 0.2 19.67 18.62 Constant Mass Isocon -5.37 -9.67 
MgO% 0.015 0.83 55.33 10 0.15 8.3 1 5433.33 5181.82 
CaO% 0.265 0.31 1.17 40 10.6 12.4 
Constant 
Volume 
Isocon 
16.98 11.66 
Na2O% 0.01 0.0167 1.67 1 0.01 0.02 1.05 66.67 59.09 
K2O% 0.0075 0.0083 1.11 1 0.01 0.01   11.11 6.06 
TiO2% 0.005 0.0317 6.33 1 0.01 0.03   533.33 504.55 
P2O5% 0.1775 0.2 1.13 40 7.1 8   12.68 7.55 
MnO% 0.015 0.0533 3.56 1 0.02 0.05   255.56 239.39 
Cr2O3% 0.0045 0.006 1.33 1 0 0.01   33.33 27.27 
Ni_PPM 42.5 64.3333 1.51 1 42.5 64.33   51.37 44.49 
Sc_PPM 0.75 3.3333 4.44 1 0.75 3.33   344.44 324.24 
LOI% 0.3 1.4667 4.89 1 0.3 1.47   388.89 366.67 
Ba 6 7.3333 1.22 1 6 7.33   22.22 16.67 
Be 0.5 1.5 3 1 0.5 1.5   200 186.36 
Co 1.2 8.9333 7.44 1 1.2 8.93   644.44 610.61 
Cs 0.125 0.0667 0.53 1 0.13 0.07   -46.67 -49.09 
Ga 0.975 2.6667 2.74 1 0.98 2.67   173.5 161.07 
Hf 0.05 0.25 5 1 0.05 0.25   400 377.27 
Nb 0.35 1.2167 3.48 1 0.35 1.22   247.62 231.82 
Rb 0.075 0.05 0.67 1 0.08 0.05   -33.33 -36.36 
Sn 0.5 0.8333 1.67 1 0.5 0.83   66.67 59.09 
Sr 4.4 7.3667 1.67 10 44 73.67   67.42 59.81 
Ta 0.075 0.1167 1.56 1 0.08 0.12   55.56 48.48 
Th 0.1 0.1667 1.67 20 2 3.33   66.67 59.09 
U 0.05 0.0667 1.33 20 1 1.33   33.33 27.27 
V 32 49.6667 1.55 1 32 49.67   55.21 48.15 
W 2.35 1.4 0.6 0.6 1.41 0.84   -40.43 -43.13 
Zr 2.4 9.7333 4.06 1 2.4 9.73   305.56 287.12 
Y 9.3 36.8333 3.96 2 18.6 73.67   296.06 278.05 
La 2.65 5 1.89 1 2.65 5   88.68 80.1 
Ce 4.45 8.4667 1.9 6 26.7 50.8   90.26 81.61 
Pr 0.655 1.0967 1.67 4 2.62 4.39   67.43 59.82 
Nd 3.15 5.6333 1.79 4 12.6 22.53   78.84 70.71 
Sm 0.8 1.6233 2.03 2 1.6 3.25   102.92 93.69 
Eu 0.81 1.2933 1.6 1 0.81 1.29   59.67 52.41 
Gd 1.15 2.6067 2.27 1 1.15 2.61   126.67 116.36 
Tb 0.175 0.4733 2.7 1 0.18 0.47   170.48 158.18 
Dy 1.105 3.4067 3.08 10 11.05 34.07   208.3 194.28 
Ho 0.235 0.8933 3.8 6 1.41 5.36   280.14 262.86 
Er 0.72 2.84 3.94 10 7.2 28.4   294.44 276.52 
Tm 0.1 0.39 3.9 6 0.6 2.34   290 272.27 
Yb 0.6 2.28 3.8 6 3.6 13.68   280 262.73 
Lu 0.08 0.3467 4.33 10 0.8 3.47   333.33 313.64 
Mo 1.35 1.0333 0.77 1 1.35 1.03   -23.46 -26.94 
Cu 2.3 2.1333 0.93 1 2.3 2.13   -7.25 -11.46 
Pb 0.65 1.4 2.15 1 0.65 1.4   115.38 105.59 
Zn 3.5 18.3333 5.24 1 3.5 18.33   423.81 400 
Ni 11.65 38.4333 3.3 1 11.65 38.43   229.9 214.9 
As 1.35 4.0667 3.01 1 1.35 4.07   201.23 187.54 
Sb 0.4 0.4667 1.17 1 0.4 0.47   16.67 11.36 
Au 0.825 1.0333 1.25 1 0.83 1.03   25.25 19.56 
Se 0.25 0.25 1 1 0.25 0.25   0 -4.55 
 
